“Calhoun 


Institutional Archive of the Naval Postgraduate School 





Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations 1. Thesis and Dissertation Collection, all items 


1986-12 


Operating hours based inventory management. 


Lewis, James L. 


http://ndl.handle.net/10945/22013 


This publication is a work of the U.S. Government as defined in Title 17, United 
States Code, Section 101. Copyright protection is not available for this work in the 
United States. 


Downloaded from NPS Archive: Calhoun 


Calhoun is the Naval Postgraduate School's public access digital repository for 


/ (8 D U DLEY research materials and institutional publications created by the NPS community. 
«ist : Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS's first 


NY KNOX appointed — and published — scholarly author. 


LIBRARY Dudley Knox Library / Naval Postgraduate School 
411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 





http://www.nps.edu/library 







6 beheae BIH Whee oper oe Ag Ree ALA SAVER Rt Beets Varks 178 1464 | | 
Ce Wadena “3 A marae! Aah S aeaanis ae eee eter ame he 2 9 An Qs - rag og ther 
in. be dieing DRL DAds Darke upees ayo-as van Ase wekcoman evhenenernsy ong at aah.) eas antag aes wtdent astea-nsaverme 












































: — Vebdna aria deiadn Aer : i a bine cory 
y — on gist Ge hy ‘ eae ean » ba vas Ooty Nano Ae Balt aaa nh aeas ane g ¥) i eeeneaen aie es 
ESOS EES SS a cone gee a 
~e — } ws rT » - rr 
ry a a Fg leervas thesia taba ad Sina (we rea ata aces a acess UMInRUMeeaenT ache eet aacart oom pam arte Sater: 
: 4 = Os tty . oo ea on“ 
ae a Fe. Fe ee } ae ag 9 thd oe ne ney oe a relay oy Na atatocseabrast & a eee sas ou at shee seiy eek Noten x 
re 1m, i tee * Rs t 9 te ate EO 2a Ben. 4-40 Ma 8 818.0. he Bek Os te fae Wwe PaSaoaaneay tet me 2 8 
a ae a ; a 7% Pint. tea, of hark) hee aes, ‘Cake wy aan we Wo a48. ay a aly 1b Bcytty + br be ott Oe he weracas eI ke 
ree et Pare Be Orin cre irre ee ee OE) ark a veatusataced na Ar Ar Uy fs beens Qe beaeAsAem AealBoe erent ne porte saree woh. Rte 
a a 7 * +e ata a0 74 Satara gd bee er et EAU RN sae. Ciiateiete uscessrgraace rmaagatiaesta eae Sea-bebes- ogrtine tenerneaeeen 
Aas ik. ioe a” ; Rye 27, 0. ap BIO Uy 00 9 NOs W Re a a bo: 8 porn 5 
it he FE Y is, = er, pee FT A Se rear tbe Mather ep eSedgl Heat phys, 1B 9D. Nite pe Anh eed Ae tgs aes 
' : &. ae Tei ’ ) rireeys ety Wer ctisat $1059. Ann. t > Sovaceluenabvareehane 
1 Fes 3 4 a ee ne reat tiie eintte st cn ne arasootene Sra Reh, Now ahs Bete oaks wap brane 
oman cae rs ‘ Ay a ay KN Age rate Wahopatatiae oatahe begs Afarooce 4 Aint.acai 8 vohsusdses beh Oe anmedcacasd has de! 
ii bi Sinh " ahs .: we Raitke ‘2 ace ks cee valpvecniae a! Ws Stace nt Ala, ae a was hala: Oy tah, Gansta wracmrnene anda 
ye + ie 2 Daye nes sor asia? A san A crane Aa AAL 0 a oihsas eae eae LeahaRenenveanasiaes bt . 
e i ae Kats ian a eS RiGee RR RR sea aa Petes kW acer S.Qudje, 4. Gine eh an) sith BORN. Aeee ALAR ocoemanamategip <a 
Sciam righ es Ron ok OAC My ae te 2895 vets D9 dork itn ery ot O19 OM, Mm, By an. Ay S91 La Rusbibed Ad RAW evr 
"9. yeti es. a aes ots 4 wea santas Se Joiea ac Wiaeinage ere8 ate de as bet Gens Ge ha hade-e-bteey lege abe mon toes 
mw. oer yf! cle so ee sue eae pe ‘heart ue ilar We ant pe aaa Mekgin, Su U8? Ag va aha da ge te aaa apg SmAre R anne 
oe eee ‘aa ‘iy ; Ry te Leis yi ees iat ve te Jou ipnasan aia eats shan Sa Me ante d beectaos OS Ds om, opener 
rer ee Ade wat oye ga taf tte ts to fot, WO SAY BA a ge titer vain a! COE eb Ra EI sci yr eR ee oh assenaltats 
ale ae of a! ya a Maen alee ; cw Po ey fr) vos iggy atatal evan jeverare wal oho Loe a te EO canner barge Sel! WY aiad 
5 IDG DNR hh alah sg A RASS Bie tet alat l'eiante eat sana deat Seceihaeee eae 
vr moe le honed gates hun os 3 Reds he Us AEM 444 ATOR TANT s mesa ee aaa ese a 94 0/449 -A10 & BI ALEPONY Ae ; phos ee 
ay ce i . " z My U vances tsa 
+. iy it 00 alnts re ee ; pe 1 near pets Cee silatisneiek be ry “ae apes genom aeasegermstracanrets Site of 
a a y ems bP AA. n . Te. 
4 a a , ‘ , Sble ; . bye ye kn 4 ae anim lars its i alana ay easing oe eet rack a a es 
La 
Lethe irene 8 Ta hg abet fetinan camara setae eae 
en at ee” pag G Ae ats ‘ 
Ms Salacm sas aa iter Saar Gan neta my ac tunugaar deine Ramoas May Age 2) 8. mas Bebe Aae 


ay ee - 4 
3 batty 7. a 4 4 aed 3 
Fao. <> Bad - ete sy te! ' Doda Ac Hine : eaten al vata 
; AU oes Eo Tee 7 ae " * a 4 yh ete ‘ ears i Bre ie ede @ uae ‘a ‘nt taeqcie enya wragarare A ! beh Ay dn oR Va ") sea agbearacer aun & 0. Yotraas be aetsasAaam hath a 
- eR, 2 HY = F 2) HG Uigdt ane sd Toe sta 4A rats at eee orecaimm meastian he Recs report. ape mpeg alr teek os orl 
, | 7 ; ya ee wht ! A f' fe te OC ao! Mapa? a" Rs, es sede boath tit amphi a Bho a9 : 
oi secs 
ae 


it Weg on 
o tb mS tf 
. 34 wana Poss herve a a} rise-asiee Bh areey 
» as coins He ¥ Moreen be ln beleel 
an % 8B ard suo Satie Sao: Het “PR Le 






























i 
; Was agian a a nen on + Bp Mg Roe ae MA ge 85 ty Se an Se me . Ag ; 
. in eRe eR RES fet: 
% be Benen 79 es 
o Bete Wg Re te a FoR <i ty aE nt) as ee cara ets nm” by we 
is NOD Khe acy Bet OFA As Peppy PRY ple edi ot 
gimaal et eet Ape nalnragarniiraecowrenis a eins 4 
rst tn Si eecaeeee Ee 
wiagmagsporeca ere agatarnes wiaeayt srtabey dont ethsers ts 
is Oe yidacm-score ichelnleier iad ie tpesehak 5%) 
a 8) A ‘oe sty Wy nacacae Re sity Wires 
Pecaretprapetre So Sean be writes petere 
4 beet la pg oars mine sems my nya, heMe ESI bye 
elas ates ap alam aren 
cs, Bt s = mona S sate tsetse ed woe dA 
> ' eee! Pals pat hepreree ~oeogratane man 
' Siete Ret a be ey ae 2 bp prs 
Gail Pr ry Seep ha Sg ne 8th 
. D : : a », vai tees Roeper eee hah apm etpetals iy 
. Tote vag, ‘ ct Ne Saal aN DRG Lt see eoirar ict a RS 
ge ee aN AUR eae a SARE Wide a a saat ie eae Gcamioenee Aree NS 
i " Th. as wyapee ey aie gtht bbe pee ee 8 ry + Me AN a Peas hete ee sith a hoagie 
. = « ie A ec Ey ae he Me i. i ve ny a vs wire . . ay t m9 Ys ve yee ; ‘ Bu ee mee Pe ars veers anaes = 
Z i OM ee f Ley aya’; ee the Fie f ORY, gt TRA TL eS RT OL \ “th Aa Her ear te Se ; : coe yt fey ee 
i) e ; ; Pata . Api cae rns laf Rogyesin te ee fase ‘ Sue. sacnatiancert at * 
s 5 i 
. al 
a 
a co rehiae aad pales 
Palen taeal 
S ots ined 
AF ty 7 f 
a Boy : 
; “a 
te 
oa; 
oe 
a 
oe 
<u te te 
is Tye iG ‘Dt 






Kb 
Gee a nA } 











yank 
eran 





















ch 
2 a 
sabe - " 
: oo “2 
ny sey oo at 
fe : “ Lies r. “a 
i re ee ite 
at i. af Mee ne aoe at 
cht Age nega * ee 


= 


te. 
ac 









‘. _ . ey ‘ 


Is 4 r ae 





Ay 


Fe 
* 







P eee 2 
(cece viett 
; 











me . 
. Nie i eyetiphs Bis 
on a foe tt be grgducuaan gees 
Dace ee 
See 





A ce an 













sea 
 & i wifi 
= ate 
a RGAeD Perec &, j Le Asi 
% 


hones 
“ie tf 

































Pa E : 
hd se fie f “49 aa i (hy ne fre 
a AP c saeeaes yrs ; ty ete hot edie 
* Boney i i CP esearch F 
ie pate i Sines a reiedistth a) cece 
ope at 3 Bat MY 
ae Td Aah 2 os a ri ee a) wee kf i pe fattaat tee: pty ey ete aneeses yaa oes As 
sae bail ep Ef HER sia * re * ats one it ae rele ee eae cian deg Boats eerie: ep 
i% Pasay . aS tai na tenia 1 pal ot 
ae} ; ! eletgha oye) a tet a 
Sead 3) Leet Gee i Bees paeeh rere: Pe 


rT ce 
ie = ith esate BE LIS vga gigas He oul 


ee ’ 
os ae ee 48 Hae ith ar anae Bee Ae 
* Fe : cd, Ney rae ta seta an ine ayy Rcees, 
ae i a i Cia stiles te eran ets ete 
uN 





























ite ue - aes ae if 4} ry ia ae 
t a 1. a, 
3 na te Boe ny jalan Gomme pts at pi a oee ee Lootptihges Fb 
“ Tee pettet elon 4d RA He Leyte tae cater aie 
. ae oe nie . . ine ie ip Sate rat a sae ‘ set ’ Pe pb ae maces Sreer a 
a : a ise ue i teat pane we W vere dts aatdate 1 eos Sreatat tito t ton pete freee pee she 
eS aes i a ae es ae a Piage Cel ae lara aera ot een 
; 3 ey ‘s 5 ” Ad te amd a4, Op atin 12 gt : 
oth “ ¥ si led ine heat ‘i eat aNealy end say sags viaiivasiy gh user fata a 
on ty . i. Mh i Pier oe a eee Ppcie’ ore Tye ade ea edatges tg states guages Py sisson 
: 1 sie yet a whe jou) aw" ata wa tea geod Bugg 188 seine ben set geacied fage cis, 
xt . cue Ret ‘er ite teem eimounrs Voter deweqaese Me Z 
; iy i re Oe tata aI Ale i ae a aarti 
i : woe TAL De rented Appa rbatpy pera igi "tee aed <3 aie. 
7’ 5 3 Ps aad Le ae Lek ne ord 
Ae satay i eae et AE ee Gitatate Man deennan ve aipcarsare:Fescpewem 
ant mo ote oa Hie a ipiaes a et Pirate aretha Pee ihe 
ne! ee ie a” 3 7 ; 
Shee ‘evant hana elas yhytes Hae 8 Gone 1 sear HF ea holed $ Riitats 
Tie a prey at te” sees + gait yi cyl eats “a Nelesstecaactics kale Mi aoe nasise HS weal vapor b Nes 
a Phage ah PA Lh be aa ye oF Rohrer Ade tusqee é oe wren gAORL Ie ccna TE 
pee ree Cece A a Oat oe ear eain rateat 
u a . on de, 4 8! 
a Paiteutots ae ag hs yea nat ates gauge Peas daaticd peated 98 ia Stpatebiptte st 
- ' beats 2” 4 ignite aie ou an ml Lag Come CY alas ba = ber eter leh 
i a alpine Pate oa wrt it at we) gr an a ‘Sica: bitaepevonre 
pel i Ay Tea fe pple Rieti LA a wt pas a8 a eer ae Hit os aw pei ice 
» ir weery ae oe mite ca spcnuy eee) 2 Sep EAy weed dO POH F9BE 
; 9 IBS dagcee ts wf wits A a phet shedvine a yubeesene 
oh A . v, Vihear . Hettigit Ea he 
Bae dabdersituss SPP dee 145) el yea gee? By eo 
_ , i “ eek aed cy Nap ae 19 hae woh ote saterg whee fay aal a 
m , " A : Pr cb agen t oF eens 
. oh is “t a arenas ies ¥ yee hess AO Eas ee ate nto racy oa eaten tetety tee 
Mi pags Mae eyed cre ane fee sty wi gee sane 18 iP Po anatornrtnesen chasse tas 
7 sees ste ves fie iz we ' i shits aah pf ene ee See. are aie dle renga rm tereyee ae, 
- Cc rhe aa “apa e . p DA Rae shies yp Jeleyenulysreaets) pepianeterd 
i a ui y Ly Ww PY rae palate mine WLP 6 Cage Greta ghd’ ar dees qaverindg hy wre 
_ a. a ‘ac ne 3 e WON Og akg es RAPA TOWER” Fores Loy: wed spel th HdeSe We 
’ a ‘ wk sitecid@: RaaE 4 , ee tarts aber ethige pete vesenisttnamariane 
re re + a D Maat hs ar f : : ss ts $i! Witad elerhene Como lle a Nerewens 4 
> e : my sete serial sper) seen itet neha rach ar iaatt peda ak ey ap 
ser * i ae 2a Ee Tats pita rateestet nite pated parrrerey ty 1 
o Lpery by by aa an fon i ist pneend tiseeea: nachraleud 
ao - brit ay pate fa es fe tee dteyacttens 
ise S ‘ entre: a 
s ch aaa Tee A x ¥ fa is f beds hed ee Suyeeiers ae 
3 ; te ss 
c ¢ oO sats oe rancaee tose ae 
= i i Venga7 tee thy et 
; Acsente 4 yey erat: f ee aac ‘ot 












ADMAFH SCHOOL 


ynilORg1A 99943-6008 











NAVAL POSTGRADUATE SCHOOL 


Monterey, Galifornia 





THESIS 


OPERATING HOURS BASED 
INVENTORY MANAGEMENT 


by 


James L. Lewis 


December 1986 


Thesis Advisor Willis R. Greer, Jr. 
Co-Advisor FE. R. Richards 





Approved for public release; distribution is unlimited. 


1231308 





) REPORT DOCUMENTATION PAGE 


Ta REPORT SECURITY CLASSIFICATION TD RESTRICTIVE MARKINGS 
| UNCLASSIFIED 


2a SECURITY CLASSIFICATION AUTHORITY 3 OISTRIBUTION/ AVAILABILITY OF REPORT 
Approved for public release; 
Gusta ouleron 2S Unlimitec. 







2b DECLASSIFICATION _ DOWNGRADING SCHEOULE 


3 PERFORMING ORGANIZATION REPORT NUMBER(S) S MONITORING ORGANIZATION REPORT NUVBER(S) 


6a NAME OF PERFORMING ORGANIZATION OFFICE SYMBOL 
(f appiicadie) 


Naval Postgraduate School |Code 54 


6b a NAME OF MONITORING ORGANIZATION 






Naval Postgraduate School 





6¢ ADDRESS (City State ano Z2/P Code) 
Mmcerey, California 93943-5000 


7b ADDRESS (City, State, and ZIP Code) 














Monterey, California 93943-5000 







Ba NAME OF FUNDING. SPONSORING 
ORGANIZATION 


OFFICE SYMBOL 
Gf epplicable) 





8d 9 PROCUREMENT INSTRUMENT IOENIE:CATION NUMIER 





3¢ ADDRESS (City State and ZIP Code) 10 SOURCE OF FUNDING NUMBERS 


PROGRAM PRO,ECT TASK WORK ON” 
ELEMENT NO NO NO ACCESS O% NO 





‘1 T.7LE (include Security Classitication) 


Jperating Hours Based Inventory Management 


2 PERSONAL AUTHOR(S) 

sewis, James L. 

Ja TYPE OF REPORT ‘3p "ME COVEREO 14 DATE OF REPORT (Year Month Day) [1S PAGE COUNT 
Mescet S Thesis BOM 2 = 1986 December 7 

6 SUPPLEMENTARY NOTATION . 





? COSAT: CODES 18 SUBJECT "ERMS (Continue on reverse if necessary and identify by Diock Number) 


m EO SPer~athimg Hours, Inventory, inventory Models. 


9 ABSTRACT (Continue on reverse if necessary and identity by block number) 





Inventory management models based on operating hours are examined 
ana discussed. Traditional demand based models incorporating risk and 
shortage costs are developed. The two major components of an operating 
Pours model, operating hours and procurement lead-time are reviewed and 
discussed. Data for both operating hours and procurement lead-time £Or 
the LM-2500 Gas Turbine Engine, and operating hours for the U. 5. Air 
Force are reviewed and tested to determine accuracy. Some time series 
models are tested to determine if operating hours forecasting can be 
improved. The role of the item manager in an operating hours based 
model is discussed. 


0 US°R3UTON AVAILABILITY OF ABSTRACT 21 ABSTRACT SECURITY CLASSIFICATION 
CH NCLASSIF'EOUNL MITEO () SAME aS RPT Corie USERS UNCLASSTFIED 
rat: & Peaciacr Te 22d TELEPHONE (include Area Code) 22c OFFICE SYMBO. 
. ' , (408) 646-2161 5 4Gk 





D FORM 1473, 84 mMarR BJ APReaAtTON Tay bE LIED UNtIeunausted SECURITY CLASS'FICATION OF "HI§ PACE 
Alloatner eit. Onc are ONicoletea 


Approved for public release; distribution 1s unlimited. 


Operating Hours Based 
Inventory Management 


by 


James L. Lewis 
Lieutenant Commander, Supply Corps, United States Navy 
B.S.A.P., Miami University, 1975 


Submutted in partial fulfillment of the 
requirements for the degree of 


MASTER OF SCIENCE IN MANAGEMENT 


from the 


NAVAL POSTGRADUATE SCHOOL 
December 1986 


ABSTRACT 


Inventory management models based on operating hours are examined and 
discussed. Traditional demand based models incorporating risk and shortage costs are 
developed. The two major components of an operating hours model, operating hours 
and procurement lead-time are reviewed and discussed. Data for both operating hours 
and procurement lead-time for the LM-2500 Gas Turbine Engine, and operating hours 
for the U. S. Air Force are reviewed and tested to determine accuracy. Some time 
Series models are tested to determine if operating hours forecasting can be improved. 


The role of the item manager in an operating hours based model is discussed. 
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I. INTRODUCTION 


Inventory Management of spare and repair parts in the U. S. Military requires 
the expenditure of huge sums of money. In Fiscal Year 1987, the annual amount in 
the Presidental Budget for Operations and Maintenance for the Department of Defense 
was $85.773 billion. A large proportion of these monies will be expended on direct 
support materials and repair parts. With expenditures of this magnitude, it is 
incumbent upon the military business managers to utilize the funds in the most 
efficient and effective manner possible. Furthermore, it should be realized that the 
wealth of a nation does not reside solely in the money or in the treasury. This concept 


was addressed as earlv as 1677 by A. Pappilon [Ref. I]. 


The stock of nches of the kingdom doth not only consist in our money, but also 
in our commodities and ships for trade, and in our ships for war, and magazines 
furnished with all necessary materials. 


It is the goal of this thesis to review the underlying assumptions, models and 
accuracy of one method of inventory management. This method is an inventory model 


based on unit or system operating hours. 


A. BACKGROUND 

In 1980, the U. S. Navy introduced a new shipboard propulsion system. This 
was the LM-2500 Marine Gas Turbine Engine. The LM-2500 is a marinaized version 
of the Air Force TF-56 engine used in the C-5A and the C-10 cargo aircraft. The 
engine 1s also used commercially in the DC-10 and the Lockheed L-1011. The engine 
was developed by General Electric, Evandale, Ohio on a research and development 
contract with the Department of the Air Force. 

Since the marinaized engine, LM-2500, was intended solely for shipboard use, the 
initial inventory management process was to be one of normal Uniform Inventory 


Control Point! procedures based on historical demand observations. 


[The Inventory Control Points or ICPs are the central agencies that control and 
maintain the inventory of U.S. Nea Ae uirements. [The two major elements aS the 
Navy Ships Parts Control Center ( ees the Aviation Supply CENISd) SO). 
Inventory procedures are controlled i a leet Material Support Ollice (FMS 


e 


It soon became apparent that normal demand forecasting was not sufficient to 
support the svstem efficiently. The system had grown in population by 240% in two 
years (1980-1982). The growth in the operating hours of the system was even more 
dramatic. During the same 1980-1982 period, operating hours increased bv 1,222%. 

Clearly an inventory model based on more than historical demand was required if 
the LM-2500 program were to be sufficiently supported. This was an operating hours 


based model known as Program Data Expansion (PDE). 


B. METHODOLOGY 

The basic methodology of this research began with the collection of actual and 
projected operating hours. These data were then tested to determine the accuracy of 
the predictions. This discussion is contained in Chapters Two and Three. 

Data for another major element of the operating hours inventory management 
model were collected. This 1s data on the procurement lead time. The data collection 
is discussed and the data tested in Chapter Four. Finallv, the effect of changes in 
Operating hours on the inventorv model and some forecasting techniques are addressed 


in Chapter Five. Conclusions and reconimendations are contained in Chapter Six. 
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II. BASIC INVENTORY MANAGEMENT 


The necessity to maintain an inventory of goods has been recognized since the 
beginning of the industrial revolution. An inventory of raw and finished materials, 
parts, and supplies is required to support the goals of industry, merchants, and the 
militarv. However, an inventorv cannot simply be a collection of everv item that could 
possibly be needed. Nor could the inventory be maintained in unlimited quantities. 
Some model must be found that can be used to optimize the inventory system. 

There are three factors with competing interests in the inventory process. These 
factors are described by Enrick [Ref: 2], and become the basis for optimizing the 
inventory process. The factors are: 


e Financial: the comptroller will desire relatively low levels of stock because 
funds tied up in inventory are unproductive 


# Requirements: the users of the material will desire that everv item possible be 
carried in the largest quantity possible 


e Production: the manufacturers will want inventories carried in such a manner 
that production runs are the most efficient. 


Clearly each of these individual goals could only be achieved at the expense of 
iewothers. These problems are properly identified by Prichard [Ref. 3]. He also 


indicates a solution 1s achieveable. 


Inventory managers have long recognized that some of the foregoing objectives 
conflict with others; they are now. Coming to understand that a balance can, be 
achieved, within limits, among specific objéctives so as to satisfy the broader aims 
of inventory management. 


It 1s the job of inventory management to balance these factors and ensure optimal 


utilization of money, material, and manpower. 


A. NORMAL (DEMAND BASED) INVENTORY MANAGEMENT 

The goal of any inventory model 1s to answer two specific questions: how much 
to order and when to order. To begin discussion of demand-based inventory models, 
the simplest model will be reviewed. The most basic model assumes demand 1s known 
and constant over time. It also assumes inventory replenishment 1s instantaneous. 


The model also assumes all material will be used, and backorders are not allowed. 


1] 


Under these assumptions, there are two major considerations in operating an 
inventory system - ordering costs and holding costs. Ordering costs are minimized by 
ordering all the inventory required at one time in one order. This could be many years 
worth but would result in placing only one order. This would minimize ordering cost 
but would result in drastically high holding costs. The second method is to maintain 
no stock and order only when material is required. This method results in zero holding 
costs, but large expenditures on ordering costs. 

The two cost elements in the basic demand inventory model are ordering cost 
and holding cost. Ordering cosis are simply the costs of placing an order. If A is the 
administrative cost of placing an order, Q is the order quantity, and D is the quarterly 


demand, then the annual ordering cost is given by equation 2.1. 
Order Cost = (4*D;Q)*A (eqn 2.1) 


Holding costs are the costs associated with warehousing, insurance, and the time 
value of money. This cost can be expressed as a dollar amount or as a percentage of 
the inventory held. The Navy Ship Parts Control Center (SPCC) basic model uses a 
percentage. The holding cost rate, variable I, includes consideration of investment 
cost, storage, obsolescence and losses. The values for variable I are set at 0.23 for a 
consumable item and 0.21 for a repairable item. 

Since demand 1s assumed constant, the average inventory on hand is Q/2. At the 
beginning of the demand period the amount of inventory on hand would be Q, since 
the material was just received. The amount of material on hand at the end of the 
demand period should be zero to minimize holding costs. The average inventory on 
hand is therefore Q/2. If C is the replacement cost of the item, then the average 


annual holding costs are given by equation 2.2. 
Holding Cost = (Q/2)*I*C (eqn 2.2) 


The average annual total cost for management and operation of the basic 
inventory model can now be calculated. The total cost for the model would be the sum 
of equation 2.2 and equation 2.1. This results in the total cost function given by 
equation 2.3. The value of Q which minimizes equation 2.3 is found by differentiating 
with respect to Q, and setting the resulting equation equal to zero, and solving for Q. 


This optimal order quantity is given by equation 2.4. 
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Mota) Cost = (Q/2)* 1 + (4*D/Q)*A (eqnr27s) 


Qoptimal = ./(8*A*D/I*C) (eqn 2.4) 

The first part of the inventory problem has now been answered. Equation 2.4 
sets the optimal reorder quantity. When to order is the next question to be addressed. 
In the model discussed above this is decided by determining that level of stock at which 
an order should be placed so that the stock on hand when an order arrives will be zero. 
This level, called the reorder level, is a function of the demand during a lead-time. In 
the case of a known deterministic demand rate D and a constant lead-time L, the 
optimal reorder level would be exactly the lead-time demand, D*L. If either the 
@emand tate or tlhe lead time is not constant, the reorder level is D*L + Safety Stock, 
where D is the expected demand rate and L is the expected lead-time. The safety stock 
is addressed later. In the case of random demand or random lead-times, uncertainty 
enters the problem and stockout risks must be considered. The calculation of risk and 
a safety level for protection from that risk is the subject of the next section. 

1. The Basic Inventory Model with Variability 

The previous model assumed Known, constant lead-times and demand. The 
demand for an item is almost never a constant. Variability of demand can be caused 
by varying usage levels and simple random failures. The variability in the procurement 
lead-time can be attributed to the randomness of shipping and handling times and 
variability in the actual production time. As a result the actual lead-time demand 1s a 
random variable. This results in consideration of an additional element in the total 
cost function. In addition to ordering and holding costs, a shortage cost must now be 
included. 

During an inventory cycle there will be a random number of items ordered. 
Holding costs will be affected since the cycle begins with a net inventory that is also a 
random variable. Define an inventory cycle to be the interval between the placing of 
two consecutive orders. There will be a constant number of Q units used in each cycle. 
If the mean rate of demand per unit time is D, there will be an average of D/Q cycles 
per unit time. If the administrative order cost is A, the ordering cost per unit time will 
be (A*D)/Q. 
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Define safety stock as the expected value of the stock on hand at the end of a 
cycle. Let x be the number of demands in a cycle. Let pt be the expected lead-time 
demand. Let r be the beginning inventory position. The stock on hand at the end of 


the cycle will be the expected value of the function given by equation 2.5. 


NOT ee 
exo eer (eqn 2.5) 


If f{x) is the probability of x demands, then the expected value of equation 
2.5, the safety stock, is given by equation 2.6. 


” 
l 


Dy Ses Re SS (eqn 2.6) 


This can be re-expressed as equation 2.7. 


nN 
l 


Py (eee ean (eqn 2.7) 

Define holding cost to be the expected unit years of stock on hand times the 
cost of holding one item. Consider a single cycle. At the beginning of the cycle there 
will be, on average, s+Q items on hand. At the end of the cycle there will be s items. 
The average number of items on hand during the cycle will therefore be: 


(st Qt s)/2 = s+ Q/2 


If the holding cost for one item per unit time is IC then the holding cost per 
unit time is: 


Lloldine Cost = (ssa Oye) ie 


Denote } (x-r) f(x), x 2 r, as y (r). Substituting equation 2.7 into the 
holding cost equation results in equation 2.8. 


Holaing Cost = (7-42 Wir) yO 2) re (cant 273) 
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The annual ordering cost will be the administrative cost A times the number 


of orders placed. This is: 
Ordering Cost = A(4D/Q) 


Define the cost of a stockout as m7. The number of stockouts in a cycle will 


be given by: 


(Oifx <r 


mer i xXeor 
The expected number of stockouts per cycle will therefore be: 
by X - r ) f(x), esl 
The stockout cost per vear will then be given by equation 2.9. 
Btecsout Cost = (4D/Q)*n*( >) (x-1) ffx), x 21 (eqn 2.9) 


Total inventory cost per year is the sum of ordering cost, holding cost, and 


shortage cost. The total cost function is given by equation 2.10. 
Total Cost = A(4D/Q) 
iM CO/2) + r-n + n(r)) (eqn 2.10) 
me To DB); QO) = 1 (r) 


Taking the partial of equation 2.10 with respect to Q results in equation 2.11. 


ome); 80 = -(4D A/ O27) 
ler 2=( (4 Dt )/ (O* ean) (eqn 2.11) 


Setting equation 2.11 equal to zero and solving for Q results in equation 2.12. 


OF. UGae Ae (oy (r))) / 1c) (eqn 2.12) 


ES) 


Taking the partial of equation 2.10 with respect to r results in equation 2.13. 


OTC/dr=1€ + 1C( ene 27) 
+((m4D)/Q)* (On (r)/ ar) (eqn 2.13) 


Where 6n / Gr is given by: 


which we denote by H(r). 
Substituting the above into equation 2.13 and setting equal to zero, results in 
the value of H(r) that is given in equation 2.14. 


Hi) =(I1CQ)/(1CQ+ x4D) (eqn 2.14) 


Equations 2.12 and 2.14 are the optimal solutions for order quantity and 
reorder level, respectively. However, the optimal solution for Q 1s in terms of r, while 
the optimal solution for r is in terms of Q. This problem can be overcome by 
iteratively solving the two equations until no significant changes in the value of Q and 
r occur from one iteration to the next. 


The solution begins by setting 
One (AD 1c) 


Then by using this Q, in equation 2.14, an initial reorder level, ry is calculated. 
The initial ry is then entered into equation 2.12 and a new value for Q, is calculated. 
These iterations continue until convergence is achieved. 

2. Setting Levels by the SPCC DOL Program 

Above we derived expressions for the optimal values of Q and r assuming no 
constraints and known costs. Now let us see how the UICP model modifies the above 
expressions to accommodate some real world constraints. 

We saw in the classical procedure that one must iteratively solve for r and Q 
for each item. Since the UICP model is applied to hundreds of thousands of different 


items il was not computationally feasible, when the model was developed, to do this 
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search for all items. Consequently, to simplify the procedure the UICP model 
decoupled the deternunation of the reorder quantities from the deternunation of the 
reorder levels. It did this by elinunating the n (r) term from equation 2.12 making the 
value of Q the same as what is used in the deterministic EOQ model. This value of Q 
is then subjected to a filtering process. 

The basic order quantity is first constrained by the length of time represented 
by the order quantity. Equation 2.15 1s the filter used to constrain the order quantity. 
The variables are defined as follows: | 

e D = average quarterly demand 


° = average quarterly repair regenerations 


G 
¢ K, = minimum quarters of material ordered 
2 


= the initial order quantity 


Sree anes VMIN(I2(D-G), MAX( K, (D-G), 1, Q) (ec aeS)} 

The Q represents the inventory model's calculated order quantity that provides 
the minimum cost at an acceptable level of risk. The 1 places a floor of one reorder 
quantity in the constraint. The element K, also sets a floor level. The K, can be set 
at 1, 2, 3, or 4 depending upon how many quarters of demand will be bought as a 
nunimum. The maximum of K, *(D-G), 1, or Q is selected. Setting K, at 2, for 
example, will ensure at least two quarters of attrition demand is procured. This results 
in a specified floor value. Then the maximum of the floor values is compared with 
12(D-G). This is the ceiling value and represents 12 quarters or 3 years of attrition 
demand. These are policy parameters. The filter ensures no more than three years and 
no less than one quarter attrition demand is procured. 

The order quantity is constrained due to shelf life considerations. In equation 


2.16 the previously constrained order quantity {( Q n ) is compared to four 


constral 
quarters attrition demand times the shelf life. The shelf life factor, H, is the shelf life of 
the item in years. This filter ensures the order quantity does not exceed the item shelf 
life in years of attrition demand. If this constraint were not employed the inventory 


model could recommend buying many years of demand for an item with a one year 
shelf life. 


Qorder = MIN Qoonstrain » 4H(B-S)) (eqn 2.16) 
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After the value of Q is determined for each item, the reorder level, r, is 


computed from equation 2.17. 
H(r) =-D* ?C/( D6 to 2 (eqn 2/1) 
where 


D = Average Quarterly Demand 

[ = Investment cost 

C = Item Unit Cost 

A = Lagrange Funding Feasibility Parameter 
E = Military Essentiality 
i 


= Quarterly Requisitions Received (Requisition Frequency) 


H(r) is used for setting the reorder level. The distribution to be used in setting 
the reorder level based on the risk becomes the next important decision to be made. 
Basically, the DO! program at SPCC assumes a Poisson distribution if the average 
quarterly demand is less than 0.25 units. In that case the risk 1s set equal to 1.0 minus 
the value generated in equation 2.17. The Poisson distribution is then utilized to 
establish the reorder level (RL) to achieve the established level of risk. For average 
quarterly demands between 0.25 and 5.0 the negative binomial distribution is used. 
Finallv, if the average quarterly demand is greater than 5.0 the demand 1s assumed to 
be normal. For the normally distributed demand the safety level is set at t xX 6, where t 
is the z-value from the normal table for the risk generated in equation 2.17, and © is 
the standard deviation of the procurement lead-time demand. 

Compare this expression to equation 2.14. We see that the Q value in 
equation 2.14 is replaced by the mean quarterly demand, the quarterly demand in 
equation 2.14 is replaced by the mean requisition frequency F, and an essentialityv 
parameter is added, and the parameter A replaces the shortage cost parameter 7% . 
These changes to the optimal model have been incorporated for simplicity of 
implementation. Although the parameter A replaces the shortage cost 7, it is used in 
the LICP model as a control parameter to guarantee funding feasibility. 

The process used to determine the Xd value is to set 4 at an estimated level and 


solve for the reorder levels. These reorder levels would then result in a given budgetarv 
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requirement. If the resulting budgetary requirement was less than the fixed budget, the 
». values could be increased causing higher reorder levels and resultingly higher budget 
requirements. Ifa given A value resulted in requirements higher than the fixed budget, 
the A values were reduced resulting in lower reorder levels until the budget 
requirements were reduced to the level of the fixed budget. The 4 values are frequently 
refered to as the “Knob settings” in the U. S. Navy inventory system. 

As with the reorder quantities, the reorder levels also are subjected to a 
filtering process. The filtering process is described below. 

The constrained reorder level is achieved by a three phase procedure. First, 
the inventory model recommended reorder level is compared with the number of policy 
receivers. A policy receiver is a supply center that will, by policy, carry at least one 
each of the item. The maximum of R and the number of policy receivers is chosen. 
This is Rl . In the second phase, the shelf life constraint is compared with Rl. As in 
Qeonstrain this establishes a ceiling to ensure shelf life requirements are not exceeded. 
In the third and final phase the previously constrained reorder level (R2) is compared 
to zero (a negative reorder level is not allowed) and the Navy Stockage Objective 


(NSO).” These steps are sunimarized below. 


Ri = MAX(R, Number of Policy Receivers) (eqn 2.18) 
R2 = MIN(4H(D-G)-Ko (D-G) , RI ) (eqn 2415) 
ects meio 0, NSO, R2 ) (eqn 2.20) 


The resulting order quantities and reorder levels are the values actually 
recommended by the UICP model for inventory replenishment at SPCC and ASO. 

Sigma is replaced by a UICP term, the Procurement Problem Variable (PPV) 
Which is an approximation of the variance of lead-time demand based on the Mean 


Absolute Deviation (MAD). The MAD value is estimated, in general, using equation 


-The NSO is an ICP set value for low demand items that ensures a minimum 
stockage level. 
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2.21. This equation can be used for demand or procurement lead-time. For a normally 
distributed consumable at SPCC, the formulation of the PPV is given by equation 2.22, 
where PCLT is the mean procurement lead time, MADg 1s the mean absolute deviation 


of the past demands, De is the mean demand and MAD is the mean absolute 


pelt 
deviation of the procurement lead-time. An excellent discussion of MAD generation 


and use is given in [Ref. 4] by Sullivan. 


MAD = (} | X-X;|)/n fori=1ton (eqn 2.21) 


PPV = (PCLT ( 1.25MADqg)*)+(( Diy °C 1-25MAD nett )*) (eqn 2.22) 


The formulas for the above levels are not the same at SPCC and the Aviation 
Supply Office (ASO).? The formulas also differ and are assigned different parameters 
depending on whether the item is a repairable or a consumable. For a detailed 
treatment of the formulas and parameters see [Ref. 5]. 

5. Forecasting Based on DOI Levels 

Now that uncertainty and risk have been considered and incorporated into the 
DO1 model, the model must forecast the lead-time demand. The system first considers 
the calculation of the mean quarterly demand. The simplest computation of mean 
demand is an arithmetic average. This is the sum of the quarterly demand observations 
divided by the number of observations. However, this method does not consider trends 
in the data. If the data are trending either upward or downward, the model should 
consider the most recent observations more heavily. 

The SPCC DO1 program does in fact consider trending data. First, however, 
an initial or seed value must be generated. This is computed using equation 2.23. This 


is the seed value the DOI program utilizes for future trend testing. 


D5=(),D;,)/4 fori=1to4 (eqn 2.23) 


model 85° utilizes both the demand based model and the operating, lying hours based 
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At period five the DO! program shifts from an average demand computation 
to an exponential smoothing model. 

The general form for exponential smoothing is shown in equation 2.24. 
Through algebraic manipulation equation 2.24 can be compressed to equation 2.25, 
Where D,, 4 is the next period forecast, Dp,,, was the forecast for this period, and 


D., .. was the observed demand for this period. 


act 
Bree Ot De rater Dy )+a(1-a)*( De) (eqn 2.24) 
ace | > C( Oe ) al (1-a)\ Dnata ) (eqn oe) 


jhey Ee 
iD TOUERA NCES FOR SPCC AND ASO 


Maximum Minimum 





The trend test is shown as equation 2.26. The trend estimate is twice the sum 
of the two most recent observations divided by the sum of last four observations. A 
trend is said to be established if the estimated trend is outside of the range of values 
given in Table 1. 

If a trend is indicated, the @ value for equation 2.25 is increased as shown in 
iitaisle: 2. 


eee nee) Dt Di) + Dp. + Dy.3) (ecnn2= 20) 
The next forecast required is for the procurement lead-time (PCLT). The 


forecast for PCLT differs fron. demand in that there can be many observations per 


quarter for PCLT vice a single quarterly observation for demand. The first step in 


Z| 


TaDIEe 2 
SMOOTHING WEIGHTS FOR SPCC AND ASO 


Trend ag Not Trending 





forecasting the PCLT is to take a quarterlv average of all PCLTs if there is more than 
one observation. This is accomplished by equation 2.27, where PCLT... is the 
average quarterly procurement lead-time, PCLT; is the ith observation, and m is the 
total number of observations during the quarter. Notice the total PCLT; is divided by 


91. This is required to translate the PCLT from days to quarters. 


ee = ( » PCLT: 9 1{m) fori=l tom (eqn 2.20) 


TABLE 3 
PCLT ALPHA VALUES FOR S$PCC AND ASO 


Time Since Last Observation 





The forecast for PCLT is done using exponential smoothing in a manner 
simular to that for demand. There is, however, no trend test. Instead the @ value is 
derived based upon the length of time since the last PCLT observation. These @ values 
are contained in Table 3 for both ASO and SPCC. Note that, at SPCC, if the last 
observation of PCLT is in excess of four quarters, the model sets @ to 1.0 causing the 


PCLT forecast to be the most recent observation. 
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B. OPERATING HOURS BASED MODELS 

Now that demand based models have been discussed, attention can be turned to 
operating or flying hours models.* Operating hours models are based upon actual 
observations for specified periods and program data for future use. Program data is 
generated by the operational commands based upon desired levels of utilization or a 
mobilization criteria. 

1. How the Models Operate 

The operating hours model is based on the gross requirements observed over a 
period of known operating hours. The gross requirements consist of many different 
types of specific requirements. These quantities can consist of actual operating stock, 
safety levels, pipeline requirements, and war reserve and other levels. Operating 
requirements are the failures or actual demands experienced for a specific item or 
component. This becomes the requirements of the item and establishes basic levels for 
a consumable and the basic level and repair effort for a repairable. The safety level 
applies in a manner similar to that discussed in the demand model. The safety level is 
a function of the uncertainty or risk of a stock-out for a given item. The pipeline 
requirements are the levels necessary to cover transportation times and delays due to 
handling and receiving. War reserve material provides levels for demand during a 
specific period of wartime activity. This period is generally 90 days for SPCC managed 
items. 

The actual operating stock requirement is a simple calculation. The model 
begins by calculating the replacement factor. The replacement factor for an item 1s an 
estimate of the number of failures (demands) per operating hour. It is, therefore, a 
failure rate estimate. It is computed simply by dividing the observed number of failures 
(demands) in a period by the total number of operating hours during the period. 

Define the following variables: 


e CD. = Current Demand for period 1 


« 
C) 
O 
or 
l 


Current Operating Hours for period 1 
e POH 


e PCLT = Item Procurement Lead Time 


Projected Operating Hours for period ] 


*The term Operating hours and flying hours will be used interchangeably 
throughout this paper. 


Z> 


The replacement factor is therefore equation 2.28. 
RE = GC eo.) (eqn 2.28) 


The operational commanders are then asked to provide projections of 
Operating hours into future quarters, POH; . Finally, the expected lead-time demand 1s 
computed by multiplying the replacement factor, the expected lead-time, and the 


projected operating hours. 


[TD = RP POR. 2Gien (eqn 2.30) 


LTD, = CD, * PCLT (eqn 2.29) 


Observe that if the operating hours were a constant K each period, the 
estimate for LTD given by the operating-hours model would be the same as the 
estimate given by the demand-based model since RE*POH, = RP*K. This is sigieis 
an estimate of the average quarterly demand D. 

2. Three Operating Hours Based Models 

The discussion thus far has provided the background for many operating- 
hours based models. There are a plethora of models that are based on program data. 
The use of program elements for predicting future requirements for spare parts 1s fairlv 
widespread in the military services. The following are three recent models that utilize 
program operating hours tn lead-time demand prediction. 

The ORACLE Model (Oversight of Resources And Capability for Logistics 
Effectiveness) was developed by Bigelow, [Ref. 6], of the Rand Corporation, in June 
1984. The model combines flying hours projections and the number of installations 
with replacement factors and repair rates to forecast demands. 

Similarly, the METRIC Model (Multi-Echelon Technique for Recoverable 
Item Control) was developed by Sherbrooke [Ref. 7] in 1966 at the Rand Corporation. 
The model is applicable to a base/depot resupply system. The model uses flying hours 
ina Bayesian forecasting model to predict demands for repairable items in a muulti- 
echelon inventory system. The model accomplishes three purposes: optimization, 


redistribution, and evaluation. 
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The dynamic nature of operations and the manner in which inventory systems 
respond was discussed by Muckstadt [Ref. 8]. The central issue is that operating hours 
increase rapidly as a new system is introduced and decrease in a similar manner as the 
system is phased out. Muckstadt developed a model that utilizes flying hours to 
predict rapid increases in demand and provide necessary support. 

The basic operating hours model has been addressed. Three operating hours 
based models have been discussed. The models fail to address an important central 


issue. This is the accuracy of the forecast of the future operating hours. 
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II. THE IMPORTANCE OF OPERATING HOURS PREDICTION 


Previous discussion has centered on operating-hours-based inventory models. 
Almost all operating-hours-based models, and the three specific models addressed, have 
four components or issues in common. These issues are demand, procurement lead- 
time, operating hours, and risk or uncertainty. This paper will not address risk and 
uncertainty. These issues are covered extensively by previous references. This paper 
also will not address the demand phase of the inventory cycle. The demand issue has 
been throughly covered by others. 

This paper does analyze the two remaining issues in the operating hours 
inventory model - the operating hours and the procurement lead-times. This chapter 
addresses the forecasting of operating hours and the resulting effect on the demand 
forecast. This is accomplished bv direct observation of historical data and bv statistical 
testing. 

Two basic questions need to be answered. The first 1s how operating hours are 


forecast. The second is how accurate are the forecasts. 


A. BASIS OF OPERATING HOURS PREDICTIONS 

There are many methods that can be used to forecast future requirements. Many 
forecasting methods rely on historical data, an expert opinion, or a combination of the 
two. Some forecasting methods based upon historical data were discussed Chapter 
Two. These methods require the observation and collection of actual data. The data 
are reviewed and scrubbed to ensure that the data are appropriate for inclusion in the 
data base. The use of historical data are especially accurate when the system is in a 
static or steady state condition. If demand for an item has been X units per quarter 
for the past Y quarters, it would be reasonable to assurne that demand for the next 
quarter will be X units. 

Other methods of forecasting can be based on the expert opinion. The Delphi 
technique is one such method of forecasting which uses a group of decision makers 
with a feedback mechanism. The expert opinion forecast is used in many inventory 
svstems. Consider as an example a seller of soda at a fair. A seller might believe that 
on a hot, sunny day he will sell more soda than on a cool, overcast day. The seller 


uses his expert opinion to make his inventory decisions. The expert opinion can be 
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used on a large scale. A businessman whose expert opinion indicates a certain model 
product will be well received by the buying public may issue inventory guidance 
contrary to the recommendation of the inventory model. The businessman has 
supported or substantiated his expert opinion if the venture is successful. 

Additional forecasting models can be based on a combination of expert opinion 
and historical data. The SPCC filters and constraining functions contained in Chapter 
Two are examples. The inventory forecasting model cannot be allowed to just set the 
reorder level and quantity that generates the least total cost. One reason is an item 
with a limited shelf life. An item with a shelf life of 4 quarters should not have a 
procurement of 5 or more quarters of material. This would be an unwise expenditure.” 
The requirements of the real world are used to filter or modify the forecasts. This is 
the job of the decision maker. The decision maker must review the data and use his 


expert opinion to arrive at a decision. 


B. OPERATING HOURS PREDICTIONS 
This section is concerned with actual predictions of future operating hours. 
There are two sets of data to be considered in this section. The first set of data 
consists of forecast operating hours for the LM-2500 Marine Gas Turbine Engine. The 
second set consists of Air Force flving hours for various types of engines and aircraft. 
1. LM-2500 Operating Hours Predictions 

The LM-2500, a marine gas turbine engine, 1s currently installed on 219 ships 
in the U. S. Navy. The LM-2500 is the main power plant on the DDG, CG, FFG, 
DD, PHM class of ships. There is also a single LM-2500 installed at a hot plant test 
site. The predicted operating hours data are contained in Appendix A. The operating 
hours predictions were received from the Main Propulsion Systems Division (Code 
O512) of SPCC. The operating hours forecasts are for the 40 month period of 
November 1982 to January 1986. 

Figure 3.1 shows the predicted LM-2500 operating hours. The forecasts 
increase in a fairly constant linear manner. The predictions of operating hours appear 
to be based on a modified Delphi technique. The engineers of the Naval Sea Systems 
Command (NAVSEA) meet with the operating experts from the Office of the Chief of 
Naval Operations (OPNAV). Together they estimate the operating hours for each 


class of ship containing the LM-2500. The forecast hours are totaled and become the 


Unless the discount rate for procurement of the material in an econoniic lot size 
is greater than that of the spoilage cost. 
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Figure 3.1 LM-2500 Predicted Operating Hours with Respect to Time. 


basis for demand forecasting at SPCC. This is an example of an expert opinion 
method of forecasting. Actual operating hours data are not explicitly considered in the 
future predictions. 

2. Air Force Operating Hours Prediction 

The Air Force uses a forecast method that appears to combine expert opinion 
with historical operating hours observations. Planning data for future periods can be 
based on data from similar past operations. Operating hours for a future exercise can 
be based on a past exercise that was similar in nature. The forecast operating hours 
remains an expert opinion that has a basis in historical observations. 

Hoffmayer, Finnegan, and Rogers [Ref 9] discuss the problem of forecasting 
operating hours. In addressing the requirement to forecast operations they indicate 
that “. . . operations are dependent on theater of activity rather than force wide... .” 
The operational commanders can influence the program data by including their expert 
opinion in the forecasting process. 

Forecast operating hours data for Air Force aircraft were also described by 


Hoffmayer, Finnegan, and Rogers [Ref. 9]. The predictions of operating hours are 
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contained in Appendix A. A graphical representation is contained in Figure 3.2. A 
downward trend is noted. This is believed to be the result of budgetary constraints 


during the period. 
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Figure 3.2 Air Force Predicted Operating Hours with Respect to Time. 


C. ACTUAL OPERATING HOURS 

This section addresses actual operating hours. The compilation of actual 
operating hours for any system requires the observation, collection, and correlation of 
data from operational units or other reporting commands. 

1. LM-2500 Operating Hours 

Actual operating hours data for the LM-2500 are compiled by the Naval Sea 

Systems Command (NAVSEA) in Washington, DC. The data were received at 
NAVSEA from all operating units in the Monthly Steaming Report. The report 
contains information concerning the number of times each engine was started, the total 
Operating hours per engine, and the fuel and lubricants consumed. The operating 
hours are consolidated by NAVSEA into class of ship and operating location. The 
total operating hours are accumulated. The total hours become the basis of the DO] 


Levels Program that forecasts lead-time demand. 


Ie, 


The actual operating hours for the LM-2500 are contained in Appendix A. 
The data were received from the Navy Ship Parts Control Center (SPCC). A graphical 


representation of the data is contained in Figure 3.3. 
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Figure 3.3.5 Actual LM-2500 Operating Hours with Respect to Time. 


2. Air Force Operating Hours 

Actual operating hours data for the Air Force were coltected in a similar 
manner. Squadrons and other operating units submit a monthly operations report. 
The report contains the number of landings, flight hours by type of aircraft, and fuel 
and lubricants usage.° The flying hours are totaled by the Air Force Logistics Center 
(AFLC). The operating hours are used in the Air Force D041 inventory data base. 

The actual annual Air Force operating hours are contained in Appendix A. 
The observations are for the period of 1975 through 1978. A graphical representation 


of the total operating hours is contained in Figure 3.4. 


©The Air Force report contains many additional elements of information. 
Additional elements include accidents, training’and readiness. These elements are not a 
part of the Navy Monthly Steaming Report. 
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Figure 3.4 Air Force Actual Operating Hours with Respect to Time. 


ie x POTHESIS TESTING 


- 


Hypothesis testing’ is a mathematical method of determining if actual results 


agree with a stated assumption. Ott and Hildebrand [Ref. 10] state: 


A statistical. test is based on the concept of proof by contradiction and 1s 
composed of four parts: a null hypothesis, a research hypothesis, a test statistic 
and a rejection region. 


The first step is to establish the research hypothesis ( H, ). The research 
hypothesis is the statement the tester is trying to demonstrate. A hypothesis test can 
take the form of questioning whether a population has a certain mean based upon a 
random sample of the population. Hypothesis testing can be used to determine 
whether predicted values agree with observed results. After the research hypothesis 1s 
formulated the null hypothesis ( H, ) can be stated. The null hypothesis is the 
Opposite of the research hypothesis. The next step ts to establish the test statistic 
(T.S.). The test statistic is a value computed from sample data that will be used to 


accept or reject the null hypothesis. 


TAI Bye Me siy CCSunE, two Seueh precedumes, time Series procedures, t-tests, 
que eee oe analysis are based on the output of MINITAB Release 5.1, Minitab, 
lac. oF 
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The level of risk 1s important in setting the rejection region. An increase in the 
confidence of accepting the null hypothesis will result in an increase in the rejection 
region. There are two types of errors possible. The first error is rejecting a null 
hypothesis when it is true. This is a Type I error. It is the largest amount of risk the 
tester is Willing to accept of rejecting a true null hypothesis. The Type I risk is denoted 
by «. The second error is the Type II error. It is the risk of accepting a null 
hypothesis when it is false. The Type II error is denoted by f. 

1. LM-2500 Hypothesis Testing (Actual versus Predicted) 

The LM-2500 data were used to determine how well the predicted operating 
hours matched the actual operating hours. Any forecasting model which relies on 
operating hours can be no better than the predictions of operating hours. This test 
was performed by testing the null hypothesis H,: Actual hours = Predicted hours. 

The predicted and actual data contained in Appendix A are not independent. 
Since the actual operating hours and predicted operating are naturally paired by the 
month, the paired t test was used to determine if the mean difference is zero. That is, 
the null hypothesis H_): HM - Le QO, was tested versus the two-sided alternative. 


This would become: 


el a ly 

H.-H, #0 

T.S.:t = (d-0)/(s,// n) 
Ret tee tg/2 Ort. tg? 


where 


d = the observed mean of the elements in the differences 
a the observed standard deviation of the differences 
@ = 05 (1- the confidenceintciman > oy) 


The results are contained in Appendix B. The t-value for the test of t, equal 
to zero is 5.15. This t-value is so large that it does not appear on most tables for t- 
values. The rejection region is a t-statistic greater than 2.704 or less than -2.704. The 
null hypothesis can be rejected. The rejection of Eo: Hy = 0 can be made with 95% 
confidence. The probability of getting a value of the test statistic as extreme as what 


was observed when H_. is true is the p-value. This value is less than 0.0001. 


By 


The two sample test procedure is used to determine if the mean of the actual 
Operating hours is equal to the mean of the predicted hours. The test indicates that the 
true difference is in the range of 2,009 to 5,567 operating hours. The program takes 
predicted minus actual hours. The mean for predicted hours is 2,009 to 5,567 hours 
more than the mean of the actual hours. Predicted hours are greater than actual hours 
with a level of confidence of 95% 

Figure 3.5 is a graphic representation of the mean of both actual and 


predicted data. 
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Figure 3.5 Mean of LM-2500 Predicted and Actual Hours. 


2. Air Force Hypothesis Testing (Actual versus Predicted) 
The Air Force predicted and actual data were not in as simple a format as 
that for the LM-2500. The Air Force data are for seven different types of aircraft, over 
a period of four years. The hypothesis testing for the data will be on the basis of 


percent of prediction error. The precent error is calculated by equation 3.1. 
Percent Error = ( P.- A, )/A, (eqn 3.1) 


The null hypothesis will be supported if 4, = 0 and contradicted if p, = 0. 
Stated in hypothesis testing terms, the test of Air Force predicted to actual 
hours would become: 


ier = 0 

H,: np, = 0 

De Steet —sec0) (Ss // n) 

Rl Re a ae tg /2 0) ea AOD 


oo 


where 


e = the observed mean of the elements in the percent error 
s, = the observed standard deviation of the percent error 
a@ = .O5 (1 - the confidence interval (95%) ) 


The results are contained in Appendix C. The t-test indicates a t-value of 
3.82. The t-value for a confidence level of 95% with 27 degrees of freedom is 2.052. 
The rejection region is a t-value greater than 2.052 or less than -2.052. The calculated t 


is Within the rejection region. The null hypothesis H, : W, = 0 can be rejected. The 


probability of getting a value of the test statistic as extreme as what was observed when 
Hf, is true is the p-value. This value is .0007. 


34 


IV. FORECASTING LEAD TIMES 


The first factor of lead-time demand has been discussed. Actual operating hours 
impact on both the order quantity and the reorder level. The length of the 
procurement lead time is also important in the inventory calculations. The lead-time 
demand is the quarterly demand rate times the procurement lead-time. Even if the 
demand rate is correct, an erroneous procurement lead-time will result in an incorrect 


lead-time demand. 


A. IMPORTANCE OF LEAD-TIMES 

There are three cases to be addressed in forecasting procurement lead-time. The 
procurement lead time is over stated, the procurement lead-time is understated, or the 
procurement lead-time is correct. If the procurement lead-time 1s overstated. 
procurement will be in excess of lead-time demand. There will be too much material 
on hand. Holding cost will be higher than predicted. 

If procurement lead-time 1s understated, insufficient material will be on hand near 
the end of the lead-time. This will result in backorders. The shortage cost will apply if 
there are backorders. The inventory system costs will be higher than the optinuzed 
levels. 

1. LM-2500 Lead Times 

Lead-times for the LM-2500 system are generated in the same manner as any 
other item at SPCC. The system for forecasting lead-times in the SPCC DOQ1 Levels 
program has two significant shortfalls. 

The first problem area is the lack of sensitivity to rapid changes. A radical 
change in engineering or production could drastically lengthen or shorten the 
production lead-time. A very large or complex contract could cause prolonged 
administrative lead-times. 

The second problem concerns erroneous data. This could result from errors in 
the reporting of receipt dates. The timing of the procurement lead-time begins with the 
issuance of a contract document. This is started by the FOI Procurement Program. 
The ending point of the procurement lead-time is when the Transaction Item 
Reporting (TIR) Program processes a document that indicates delivery has been 


received, 


B28. 


TIR processing is completed on a daily basis. Some material is not processed 
in a timely manner. Large, bulk items can wait weeks before storage and reporting can 
be completed. Erroneous data in the TIR program will cause incorrect procurement 
lead-times. 

2. Actual Lead Times 

Procurement lead-times for selected LM-2500 components are contained in 
Appendix D. The actual lead-times range from 14.21 quarters (over three and a half 
vears) to 4.91 quarters. Lead-times include administrative lead-time. Administrative 
lead-time (ALT) averages approximately two quarters. [t can extend up to a vear or 
more for complex contracts. 

The actual production lead-time for a component is often a function of the 
complexity of the item and the contract. Simple items such as bolts and O-rings have 
a relatively short lead-time. Complex systems such a Main Fuel Control have lead- 
times more realistically measured in vears. The Main Fuel Control has an actual 
procurement lead-time of almost three vears. 

Appendix E contains a column headed Diff. This values in this column are 
the differences between actual and forecast lead-times. The differences in actual and 
predicted lead-times are plus or minus one half of one quarter. The lead-time errors of 
Appendix E appear to be relatively small. 

3. Item Managers Inputs 

Item Managers at SPCC are classified into one of four distinct job categories 
in the logistics support divisions. In addition to supervisory, administrative, and 
clerical personne] there are: 


¢ Provisioning: responsible for. the initial selection. of components to be 
supported and determination of depth and initial technical specifications 


¢ Procurement Technical: responsible for changes or corrections to the technical 
specifications of an item and initial preparation of the procurement package 


e Program Managers: responsible for the overall supervision of a major 
component or wéapons system 


e Item Manager: responsible for the daily business of specific end items. 

After initial provisioning the Item Manager provides most of the direct control 
over the procurement lead-time. The Item Managers are responsible for using the DO1 
Levels Program and the BOI Supply Demand Review (SDR) to trigger procurements. 
It is the responsibility of the Item Manager to ensure the procurement lead-time, 


forecast demand and lead-time demand are correct. There are hundreds of data 
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elements the Item Manager must ensure are correct. None are more important than 
the procurement lead-time and forecast demand. 

The Item Manager can correct data elements directly through system input. 
Should a Program Manager becomes aware of a problem,® he would inform the Item 
Manager. If the lengthening of a procurement lead-time is the result, the [tem 
Manager can use this knowledge to manually change the forecast procurement lead- 
time. 

This appears to be the case with the predicted and actual! lead-times noted in 
Appendix D. When changes occur the Item Manager completes the necessarv 
corrections. Thus, with this feedback feature, one would expect the forecasted lead- 
times and the actual lead-times to be very close. The accuracy of the forecasts is tested 


in the next section. 


B. TESTING ACCURACY OF LEAD TIMES 
The primary question addressed in this section is the accuracy of the predictions 
of procurement lead-time. The methods discussed in Chapter Three will be utilized. 
1. Hypothesis Testing 
eet Me be the mean of the population of projected lead-times and let p., be the 
mean of the population of actual lead-times for the selected components of the 
LM-2500 system. We are interested in determining if these two means are the same. 


We address this by testing the null hypothesis 


versus the two-sided alternative 


Hi Hy = 0. 


a 


We use the paired t-test with test statistic 


aay ear : ON (Sy / a/ n) 


’Program Managers have direct, interface with commercial production personnel. 
Changes such as production lead-time, scheduling, material. shortages, and other 
production problems are most often discovered by the Program Manager. 
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and rejection region 
‘ / / 


Where dy,., is the sample mean of the differences in predicted and actual 
procurement lead-times for the random sample of items selected from the LM-2500 
system. 

Appendix E provides a listing of the data and the results of the test of 
hypothesis. The test statistic yields a t-value of 0.09, which strongly supports the null 
hypothesis. The p-value for this test is 0.93. Therefore, the null hypothesis cannot be 
rejected. This is expected because the feedback feature, discussed above, has the effect 
of forcing the forecasted and actual lead-time figures close together. 

A 95% confidence interval for the difference in means is (-1.32,1.34). Figure 
4.1 gives a graphic presentation of the 95° confidence limits for both the forecasted 
and the actual procurement lead-times. The substantial overlap in the intervals 
supports the null hypothesis. Thus, the procurement lead-times for the LM-2500 


system appear to be forecasted accurately. 


Individual 95% Confidence Intervals 
for the Mean Based on Pooled 
Standard Deviation 


ese gee 





Figure 4.1 Confidence Intervals for Procurement Lead Times. 


C. OTHER LEAD TIME CONSIDERATIONS 
This section discusses the characteristics of procurement lead-time. A discussion 
of the physical attributes of procurement lead-time is provided. The possibility of 


measuring procurement lead-time in units other than time is discussed. 
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1. Lead Times in Operating Hours 
Procurement lead-time is traditionally measured in terms of time. The basic 
measure of procurement lead-time is generally in quarters. The four quarterly periods, 
for fiscal vear XY, are divided as follows: 
SeeistOuarter— | Qctower 19<< through 31 December 19XX 
e 2nd Quarter - 1 January 19XY through 31 March 19XY 
e 3rd Quarter - 1 April 19NXY through 30 June 19XNY 
e 4th Ouarter - PYuly 19XY through 30 September 19OXY 
Procurement lead-time 1s expressed in terms of the number of quarters 
required to complete the procurement cycle. The cycle includes administrative lead- 
time and production lead time. The sum is the procurement lead time.” The 
measurement of procurement lead-time is initially counted in davs and then converted 
to quarters. 
Consider the conversion of procurement lead-time to units of operating hours. 


Assume the following inventory parameters for an item: 


F, = 200 hours = flying hours for the last quarterly period 

D, = 10 units = total demand for the last quarterly period 

Fo = 260 hours = average flying hours per quarter through lead-time 
D vo unknown = demand forecast at the next procurement lead-time 
P = 6 quarters = the procurement lead-time in quarters 


RL = unknown = the reorder level 


Assume also that the next six quarterly projected operating hours are: 


“ry 
Il 


I 220 hours, F, = 230 hours, F 
4 270 hours: F. = 290 hours, F 


250 hours 
300 hours 


3 
6 


23: 
I 


Because operating personnel may find it more convenient to think of stock in 
terms of the amount of program that can be supported, it might be useful to convert 
some of the expressions discussed earlier to units of operating hours of stock. This can 


be accomplished simply by dividing units of stock by the replacement factor to obtain 


9 At Navy Inventory Control Points, the value of administrative lead-time 1s not 
directly measured. The production lead-time is subtracted from the total procurement 
lead-time. The result 1s the administrative lead-time. 


oF 


Operating hours of stock. For example, an on-hand stock level of 100 units with a 


replacement factor of .05 units per hour could be re-expressed as 
100 units / 0.05 units per hour = 2000 operating hours of stock. 
Similarly, one could express reorder quantities and reorder levels in terms of operating 


hours of stock. For example, a reorder quantity of 500 and a reorder level of 200 


would be equivalent to 


500 units / 0.05 units per hour = 10,000 operating hours 


and 


200 units ; 0.05 units per hour = 4,000 


operating hours, respectively. 


Such figures are likely to be more meaningful to military planners who must 


schedule future month’s operations. 
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V. CHANGES IN OPERATING HOURS 


This chapter is concerned with the impact on the inventory model due to changes 
in operating hours. These changes will be assumed to be the result of random 
variations or seasonal changes and not the result of a war time surge. The difference 
between a mature system and an increasing or declining svstem will be addressed. 

A discussion of time series will be the subject of the second section. Some 
forecasting techniques will be considered. The models will be a Seasonal Factors with 
a Trend approach, and the Winters Exponential Smoothing Model with Seasonal 
Factors. 

The final section will be concerned with the financial impact of changes in 
operating hours. This discussion will center on the financial costs of long supply (over 
Investment) and short supply (under investment}. A discussion of the Item Managers 


role in an operating hours based inventorv system will be addressed. 


A. PREDICTED VERSUS ACTUAL OPERATING HOURS 

This section discusses the effect of changes in operating hours. Two areas will be 
covered. The first is a discussion of steady state operations. The second is a 
discussion of a system in a dynamic period. This period could be one of growth or 
decline caused by program factors. 

1. Steady State Operations 

This discussion addresses two areas. The first is the magnitude of changes. 
iWieesecond tS the presence of a trend. 

Operating hours for a system are in steady state when changes in operating 
hours are relatively insignificant. The changes in hours are small when compared to 
the mean. 

Assume the predicted quarterly operating hours are represented by the 


following: 


F) = 230 Fy = 240 F; 
F,= 170 Fs = 220 Fe 


140 
200 


The initial demand and operating hours are: 


4} 


= 200 hours = flying hours for the previous quarter 


F 
O 
D, = 10 units = total demand for the previous quarter 


The predicted flying hours data has a mean of 200 hours with a standard deviation of 
38.47. 

The above data were constructed to demonstrate a point. The average 
quarterly operating hours is 200 hours. This average is the same as the initial 
Operating hours used to develop the replacement factor. The average operating hours 


per quarter ( i ) would equal 200 hours. The predicted demand per quarter would be: 


D_ = (10 demands/200 hours)*({200 hours) 


: 10 demand per quarter 
RL = 10 demands per quarter * 6 quarters 


60 demands 


This demonstrates that in a steadv state svstem the lead-time demand is the 

initial demand times the procurement lead-time. 
2. Dynamic Operations 

Operating hours for a svstem are dynamic when changes in operating hours 
are not insignificant. One form this takes is an upward or downward trend. 

There are many methods used to determine the existence of a trendim@me 
method, called the “two over four method” multiplies the sum of the two most recent 
observations and divides by the total of the last four observations. A trend is indicated 
if this ratio lies outside given tolerances. The SPCC DOI Levels Program for demands 
uses this tvpe of trend test. 

Assume a coniponent in an operating hours system with a procurement lead- 
time of five (5) quarters. Assume that the previous five observed quarterly operating 
hours were 220, 240, 240, 260, 270. Assume that the predicted operating hours for the 
next five quarters are 280, 290, 310, 320 and 340. A trend test for this data could be a 


two over five test. Past and predicted trends would then be: 


Past Trend = (5/2)*(260 + 270)/(220 + 240 + 240+ 260+ 270) = 1.077 
Future Trend = (5/2)*(320+ 340)/(280 + 290+ 310+ 320+ 340) = 1.071 


The upward trend is the most important for the inventory control points. 


Support for an upward trending system is the goal of FOSS (Follow On Supply 
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Support). FOSSing a system is designed to provide additional material support during 
the growth to maturity. Projected operating hours can be used during the growth 


phase to improve material support. 


B. TIMES SERIES ANALYSIS 

This section explores other time series methods for forecasting. These models are 
based on historical data. Peterson and Silver, [Ref. 11], state, “Let’s face it. There is 
really no way of judging the future except by the past”. Peterson and Silver identify 
the forecaster’s dilemma by recognizing the basic problem in forecasting, and the 


relationship between forecasting and the decision maker: 


Only one thing is certain after such decisions are made - the forecasts will be in 
error. What remains to be determined is the exact size of the_resulting errors and 
Whether anv past decisions need to be altered in response. Forecasts are at best 
imprecise, at Worst misleading. 


!. A Forecast Model with Seasonal Factors and a Trend 

A simple time series model is one that allows an overall trend with seasonal 
dummy variables. This forecasting technique is shown in equation 5.1. The equation 
consists of a constant, Ky a linear trend element, K,, and three seasonal dummy 
variables. The values of Q,, Q, and Q, are set at zero or one depending upon the 
quarter in which the data was collected. Q, is stated then in terms of the other 
variables. Using the LM-2500 operating hours data from Appendix A, a table can be 
set-up as in Table 4. The quarters selected were divided as follows: 

¢ Quarter 1 = November, December, January 


¢ Quarter 2 = February, March, April 


¢ Quarter 3 May, June, July 


e Quarter 4 = August, September, October 


h, = K, 1 hE K3*Q,+ky7Q,+k,*Q, (cqmms= |) 


This unusual division of the quarters was used to group the holiday months 
together. The assumption is that operations are depressed during the Thanksgiving, 


Christmas, and New Year’s periods. 
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TABLE 4 
HISTORICAL DATA WITH SEASONALITY 
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Least squares regression was used to estimate the five parameters. The results 
of the regression are contained in Appendix F. Equation 3.2 1s the resulting equation. 
This has an R-squared value of 58.6%. This is better than the regression results 
previously discussed in Chapter Two. The single variable regression, with respect to 


time, achieved an R-squared value of only 6.5%. 
h, = 92,907 + 722*t + 13,067*Q, + 13,967*Q, + 16,2647Q, (eqn 5.2) 


There are many models other than the additive model. The multiplicative 


model could also be used. It takes the form of: 
F * S, i K, 


where F, is the forecast for time t, S, is the seasonal trend, k, is the growth trend. 
Exponential smoothing models that utilize seasonal and trend factors directly 
have been developed by many individuals. The models vary in the manner in which 
they acconimodate the seasonal and trend factors. McClain and Thomas, [Ref. 12], 
reviewed many common exponential smoothing models. Their review indicated that 


the models were: 
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. . . equivalent in the sense that one could achieve identical forecasts if the 
smoothing constants were selected carefully. 


2. Winters Exponential Smoothing with Seasonal Factors 
The Winters Exponential Smoothing Model was originally developed by Peter 


Winters [Ref. 13]. The basic Winters model is shown as equation 5.3 where:!? 


d, = the exponentially smoothed level at the end of period t 
d._; = the exponentially smoothed level at the end of period t-1 
d‘ = actual observation during period t 

a@ = the smoothing constant,O S @ S 1 

N = the number of periods in the season 

Fi. = the seasonal factor at the end of period t-N 

G,_) = the trend for period t-1 


The seasonality factors are updated once each season by equation 5.4, where } 


is the seasonal smoothing constant,0 < B < 1. 
ae Dcgi ectre(uleB.).* Fin (eqn 5.4) 
The trend factor is computed and updated each period using equation 5.5, 


where ¥ is the trend smoothing constant, 0 S y S 0, and G, is the per period additive 


trend factor. Trend is accounted for in a linear manner. 
Seme  (G-4 ee (1-7) * Gay (eqtinseo) 


The forecast for the next period, or for the ee period 1s given by equation 5.6 


di +; is the forecast for j periods forward from time t. 


de +; = ( d, aE j i G, ) i Pe+jeN (eqn 5.6) 


_ 101 this model superscripts will indicate actual or observed data, while subscripts 
will indicate forecasts or estimates. 
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S83) age) 
INITIAL OPERATING HOURS OBSERVATIONS 


Year 2 Quarter Perroda,s Hours 
1983 1 -7 48,013 
a -6 5S 320 
S -5 66,006 
4 -4 FS) 00% 
1984 1 -3 66,064 
Z -2 23,355 
S -1 Ges 7 
= O i ZOOS e 


The above equations describe the Winters method. Three initial seed values 


are required to start the model. These are: 
= the initial demand forecast 


d 
oO 
G, = the initial trend factor 
F. = the initial seasonal factors, i= 1 to 4 for annual data. 
The Winters method requires two additional initial factors to be calculated. 
These are V, and V5. V, is the average hours over the first N periods (N 1s assumed 
to equal 4). If annual figures are used this becomes the initial four observations from 
Table 5. V, 1s average number of hours over the last N periods. 


The resulting values for V, and V, are: 


< 
ll 


61,711 hours 
72,998 hours 


< 
ll 


w 


The initial trend factor ( Gg ) is then calculated by equation 5.7. This results 
in Gg = 2,822 hours. If Gp is positive, there is an increasing trend. If Gp is minus, 


there 1s a decreasing trend. 


Gye aN (eqn 5.7) 
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The initial forecast ( dy ) is calculated using equation 5.8. The resulting initial 
forecast value is dy = 77,231. This represents the smoothed level at the end of the 


most recent season. 


dy = V, + Gy ((N-1)/2) (eqn 5.8) 








TABLE 6 | 
INITIAL SEASONAL FACTORS | 








Year Quarter, j Period, t Seasonal Factor 
nS eNs u -7 O2s5 

Z -6 0.99 

z if Os 

~ tial 

Al 0.96 

2 Hello) 

3 0.94 

mar 0.94 





The initial seasonal factors are calculated using equation 5.9. V. is the 
midpoint level of the appropriate year. The results of all eight seasonal calculations 
can be found in Table 6. The seasonal factors total 4.0 for the quarters 1, 2, 3, and 4, 


and will always be the number of seasons. 
F, = 4,/(V,-(G, ((N+1)/2)-4)) (eqn 5.9) 


The seasonal forecasts are normalized so that the sum of all F. is equal to n. 


The resulting normalized seasonal factors are: 


eee) eee al (75 
LOWS 


aa 
I 
\O 
\O 
Nn 
i 
} 


Equation 5.6 can be used to forecast the next period or periods. 
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TABLE 7 


FORECAST AND ACTUAL DATA USING WINTERS SMOOTHING 





Year Quarter, j Forecast Actual 
IBS Shs il 72,448 el el0le 
2 89,090 66,548 
& Seyzioe (Sy, SSE) 
- JOR go 2 78,008 
1986 1 82,664 247,508 


The first five quarters forecast and the resulting actual values are contained in 
Table 7. The seasonal adjusted forecasts are close to the actual data. The forecast for 
quarter | and 5 (November. December, and Januarv) were the two lowest forecasts. 
and were also the two lowest actual observations. The highest forecast quarter was 
quarter 4. This was not the largest actual observation but was close. The Winters 


algorithm appears to handle both trend and seasonality in an exceilent manner. 


C. FINANCIAL CONSIDERATIONS 

There are many financial considerations connected with the selection and 
implementation of any inventory model. An important question is the amount of over 
statement or under statement that could be caused by the model. In the austere 
atmosphere of military spending the costs of an inventory model deserve close 
attention. 

The role played by the item manager in correcting for inventory decisions will be 
discussed. 

I. Long Supply (Over Investment) 

The first area of concern is that of long supply or over investment. Long 
supply occurs when too much of an item has been procured. A drastic example of long 
supply would be the procurement of a number of units sufficient to support 
requirements for twenty (20) quarters, when the procurement lead-time is only five (5) 
quarters. Three times the requirements have been procured and three times the 
amount of money was invested in the inventory. 

There are many costs associated with the over investment. Three of these 
costs are: 


e Holding Cost 
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¢ Opportunity Cost 
e Time Value Cost 

The simplest cost to discuss is the holding cost. Holding costs are the cost of 
warehousing, security, theft, errors, and obsolescence. The procurement of an over 
investment will directly increase warehousing and security. An increase in the amount 
of material on hand will increase space requirements. This could also result in an 
increase in security personnel. The loses due to theft, errors and obsolescence are more 
of an indirect cost. The longer an item has to remain in a warehouse or on inventory 
beers, the greater the chance items will be stolen or record keeping errors occur. If 
large amounts of material are procured and warehoused, there could be a greater 
chance that the material will no longer be needed and have to be disposed. 

The opportunity cost is not a phvsical cost. The opportunity cost is the cost 
of foregoing the purchase of some other material. The benefit that could have been 
derived from buying less of the original item and some amount of another item is the 
cost that is incurred. Criticality of the items is also important in consideration of the 
opportunity cost. If the criticality of the initial item is much lower than the foregone 
item the opportunity cost would be higher. 

The time value of money is also a consideration. This concept 1s central to 
many cost/benefit analysises. The idea that a dollar to be received at a later date 1s 
worth less than a dollar today is used extensively in financial management systems. 
The over investment of a given item in excess of the lead-time demand would need to 
be discounted back to the end of the procurement lead-time to effectively judge the 
true cost. The cost savings of putting off the long supply procurement must be 
discounted into the future to determine that value. 


Assume an item with the following characteristics:!! 


Cost = $150 per unit 

Procurement Lead Time = 8 quarters 
Demand = 10 per Quarter 

Discount Rate = 10% (0.10) 

Units Procured = 200 each 


This example does not include risk or safety levels, transportation time, 
administrative time, holding costs, and opportunity costs. The example also assumes 
constant, predictable demand and instantaneous resupply. 
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Three years over investment has been made. This is calculated by: 


200 each-10 demands times 8 quarters = 


120 each/10 units per quarters = 12 quarters 


Using the standard present value formula given in equation 5.11, the present 
value of the over investment can be calculated. fa is the annual dollar amount for 


vear n and 1 1s the discount rate. 
PV. = (A Ny Git Ss aioreallan (eqn oom 
The results are given in equation 5.12. 
P.V. = 6000*(.909) + 6000(.826) + 6000(.751) = $14,916 (eqn Sale 


At the end of the procurement lead-time the same amount of material could 
be procured for $18,000 ($150*12quarters*1Oeach, quarter), assuming no price changes. 
The value of the over investment at the end of the procurement lead-time in equation 
5.12 is $14,916. This appears to be a savings of $3,084. However, the $18,000 value 
that was needed at the end of the procurement lead-time has been available for other 
uses for two (2) years. The $18,000 must be also be discounted over the two years. 

This results in a value as shown in equation 5.13. This is the future value of 
$18,000 two years hence or at the end of the procurement lead-time. The difference is 
the time value of the $18,000, which is $3,780. The time values of both the original 
over investment and the savings of procurement at the end of the initial procurement 
lead-time are now compared at the same point in time. The over investment of three 
years worth of material resulted in a savings of $3,084. The savings of waiting until the 
end of the procurement lead-time is $3,780. By over investment of three years the 
inventory cost would be $696 more than if the reprocurement took place at the end of 


the procurement lead-time. 


F.V.(18000) = (( 1 + 0.1)* ) * 18,000 = $21,780 (eqniys ale) 


Of course, this analysis ignores other relevant costs such as ordering costs and 

stockout costs, the savings of which may exceed the cost of long supply. 
2. Short Supply (Under Investment) 

The total costs of under investment are the result of a number of individual 

costs similar to that of long supply. Some components of under investment are: 
e Shortage Costs 
e Less than an Economic Order Quantity (Administrative Costs) 
¢ Premium Pav 

The first cost associated with under investment is the shortage cost discussed 
in Chapter Two. The shortage cost is an artificial estimate of the value of having a 
given item missing from the system or component. This is the most difficult cost to 
determine. A redundant item or one whose failure does not cause a system to become 
inoperative should have a low shortage cost. A component of a non-critical svstem 
wouid also have a relatively low shortage cost. The shortage cost would increase as 
the criticality of the component to the system increases and/or the criticalitv of the 
system to the mission increases. 

Essential items or svstems would be assigned a high shortage cost. A 
component that is essential to the mission of the ship or squadron would have a 
Shortage cost equivalent to the cost of not performing the assigned mission. The 
Shortage cost is usually assigned subjectively by the expert opinion method of decision 
making. Shortage costs are often set at the same value for items of differing criticality. 

Admunistrative cost is the physical cost of preparing a procurement. This 
includes the cost of personnel time to negotiate, prepare, and forward the procurement 
documentation to the supplier. Additional expenditures of funds will have to be made 
to procure the needed item if a shortage occurs. 

The material that is in short supply could have a sufficient level of criticality 
that the item is required for immediate use. Emergency procurements of this nature 
can be completed and the material manufactured in less than the normal procurement 
lead-time. This could require the producer to tool up, man up, and start up the 
production line for one item. This would be at a cost higher than a procurement of an 
EOQQ lot size. The urgency of need might force the procuring activity to request 
accelerated manufacture of the item. This could be accomplished by the use of labor 


intensive measures and/or overtime operations. 
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All of the intensive methods discussed above are accomplished by offering the 
producer some level of premium pay. Premium pay is compensation for rapid 
completion. This is a real cost that should be included in the shortage cost of material. 

3. The Item Manager’s Role 

There are costs associated with over investment and under investment. 
Grossly excessive material inventories or large numbers of back orders are cause for 
concern. 

The item manager 1s responsible for the management of the items, including 
limiting over and under investment. The item manager's role in maintaining the 
procurement lead-time was discussed in Chapter Four. The ttem: manager can also 
change the procurement lead-time to more closely reflect that of the real world. The 
item manager can change other parameters in controlling the inventory level. 

The level of quarterly demand at the inventory control points is set by use of 
the DO! Levels Program. The majority of items are handled automatically and never 
reach the attention of the item manager. In certain cases the item manager can change 
the DOL parameters when it 1s known that certain outside factors are expected to 
change demand patterns. An example would be an item that is required for a monthly 
preventive maintenance program. If the requirement were changed from monthly to 
weekly, the demand would increase. If the item manager is made aware of the change 
the demand levels can be increased. This would eliminate the likelihood of short 
supply. Shortages will likely occur in this case unless the item manager has the 
information prior to one procurement lead-time from the time of implementation. This 
is often the case since Integrated Logistics Support (ILS) is available to ensure early 
identification and subsequent prior planning. 

The item manager is also made aware of impending reductions in material 
requirements. This is most often caused by the retirement or disposal of a system or 
component. With early notification the item manager can reduce the level of demand 


and ensure minimum quantities are on hand at the time of system phase out. 
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VI. CONCLUSIONS AND RECOMMENDATIONS 


This study was directed toward investigating operating-hours-based demand 
forecasting for inventory management. The major components of the model have been 
discussed and examined with two actual data sets. Two broad areas of discussion have 
resulted from this study. The first is observations concerning operating hours. The 


second js future studies and recommendations. 


A. OPERATING HOURS BASED MANAGEMENT 

The basic operating hours model was discussed. Three models were also 
presented that incorporate operating hours. These models go bevond the basic forecast 
of lead-tsme demand. The models address such problems as risk or uncertainty, 
calculation of safety levels, repair facilities and repair turn around times, and surges in 
Operating tempo. 

There are two central attributes concerning operating hours based management. 
The first concerns the relationship of operating hours to demand. The second area 
includes the financial results of an operating hours based model. 

1. Relationship of Operating Hours to Demand 

Throughout this paper there has been the unstated assumption that a 
relationship exists between the number of operating hours and the resulting demand for 
repair parts. This concept seems intuitive to the manager of repair parts. Consider, 
for example, a taxicab company with a fleet of cars. The cars operate X hours during 
the last vear during which the company required replacements for Y tires. The 
following vear the company expects to operate 2X hours. How many tires can the 
company expect to use next year? The intuitive response would be 2Y number of tires. 
The above example implicitly assumes that tire usage was at a steady state 

With a constant replacement factor. If the tire usage Were at steady state, the operating 
hours model might provide a good approximation for tire usage. If vehicles and tires 
had been replaced over many iterations, the assumption of a steady state should applv. 
The forecast of future operating hours would then lead to a forecast of tire usage over 


the forecast period. 
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2. Self-Correcting Inventory Management Procedures 
The operating hours algorithm, Program Data Expansion (PDE), was used to 
demonstrate the accuracy of the model. The results are contained in Table 8. The 
data were received from the Navy Ships Parts Control Center. The data were used in 
presentations of the PDE model to the Commanding Officer of SPCC and to the Naval 
Supply Systems Command (NAVSUP). 


TABLES 
RESULTS OF LM-2500 PREDICTED AND ACTUAL DEMAND 


Predicted Actual 
Nomenclature SN Demand Demand 
Starter 01-205-2517 
Flame Signal 0O0-602-6815 


Valve, Btyfy 000-613-7245 


Pip tH 
WOW NO FHM ON 


Nozzle, Fuel 00-613-7235 


ws 


0000 OC WO Od dO 
WW WW WW WW WW 
PP BO WO WO 


On BO NNW -FHN -O 
1 
Noo MGI NAY NO TWH 


Valve Assy 01-062-4127 





The predicted values agree closely with the actual results at the end of the 
lead-times. It was demonstrated in Chapter Three that the predicted operating hours 
on the LM-2500 were overstated. The hypothesis that forecast operating hours was 
equal to actual operating hours was rejected. In Chapter Four the procurement lead- 
time forecasts were tested. The hypothesis that forecast procurement lead-times were 
equal to actual lead-times could not be rejected. 

If the operating hours element of the forecast for lead time demand is 
significantly in error, the resulting budget estimates should be incorrect. If the forecast 
for operating hours is overstated then the forecast for lead-time demand will also be 


overstated. 
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There are two inputs, one which is believed to be accurate and one which is 
believed to be inaccurate. The expected result using these inputs would be a forecast 
of demand which is not accurate. This is not the case as demonstrated in Table 8. The 
output appears to be reasonable. This leads to the conclusion that some external 
forces are acting on the model causing good forecasts. The external force appears to 
be the item manager. It is the responsibility of the item manager to “scrub” the data 
elements prior to executing the procurement, levels, or budget programs. This 1s 
apparently what occurs. 

The item manager reviews items when a demand 1s experienced, when a repair 
action is initiated, and at many other instances when various data elements exceed 
given standards. The item manager can force an exception report by certain coding of 
the item. This results in the item manager reviewing the item many times between 
procurements allowing corrections to be made. The result ts that the item manager 
acts as a self-correcting factor when operating hours, procurement lead-time, or 


demand are over- or understated. 


B. PREDICTING OPERATING HOURS 
There are two areas in predicting operating hours that deserve attention. The 
first is a discussion of program data versus forecasting models. The second 1s 
predictions based upon forecasting models with expert opinion inputs allowed. 
1. Program Data versus Forecasting Models 
Program data for the LM-2500 is based on expert opinion. The data show 
little pattern in the actual hours observations, but a steadily increasing prediction of 
operating hours. The correlation of the actual operating hours to predicted operating 
hours was less than 6.4%. The results of operations are apparently not being fed back 
into the program data. The program data does not reflect the real world operations. 
Without a feedback mechanism the predictions are likely not to improve. 
2. Forecasting Models with Expert Opinion 
If a forecasting model predicted future events accurately 100% of the time, the 
job of managing an inventory would be simple. Forecasting models do not provide 
complete accuracy. 
Four models were used to forecast future operating hours. Two of the 
models, exponential smoothing and moving averages, did not work well with the 


LM-2500 data. The correlation between the actual and predicted demands was 


>» 


approximately 8%. The White Exponential Smoothing model with a Seasonal Trend 
provided iniproved forecasts with a correlation of 20%. The best perfornung model 
was the trended forecast with seasonal factors. This model achieved an R-squared 


value of 58.6%. 


C. FUTURE STUDIES 

There are many operating hours related subjects that have been left unaddressed. 
There are three study areas that the writer recommends be undertaken. The first is an 
investigation of the relationship between operating tempo and actual operating hours. 
The second would be the hybridization of the operating-hours models with demand- 
based models. The third is the utilization of operating hours as a basis for performing 
Follow-On Supply Support (FOSS). 


1. The Functional Relationship between Operating Tempo and Actual Operating 
ours 


Operating tempo of various fleet units impact directly on the number of 
Operating hours. As the tenipo increases the demand for both aircraft and shipboard 
operations will increase. 

The relationship of operating hours to tempo is one important relationship. 
The relationship between operating hours and operating budget is another. The 
budgeting of aircraft operations at the squadron level is accomplished by the Flying 
Hours Program. Aircraft have a fairly constant and known average cost per operating 
hour. This is made up of the cost of maintenance, personnel and facilities. The largest 
cost 1s that for fuel. Ships, including gas turbine, steam, and diesel powered, have a 
known average cost per operating hour. 

Can this factor included in an overall model of operational requirements? A 
model explaining these inter-relationships would be helpful to both the operating hours 
and demand forecasting methods. 

2. Hybrid Based Model (Demand Levels Interfaced with Operating Hours) 

The models discussed in this paper have been based on historical operating 
hours. A model could be developed that relies on both demand and operating hours. 

It would be useful to develop a model that utilizes historical operating hours 
in terms of demand and historical demand patterns. This would be a model that trends 


and seasonalizes demand patterns while trending and seasonalizing operating hours. 
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3. Operating Hours Used to Predict Follow-on Supply Support (FOSS) 

Follow-on supply support (FOSS) is a method of providing increased levels of 
support for a new system. Where there 1s sufficient demand, the DO! Levels Program 
will forecast requirements and parts will be stocked. 

There are no historical demand patterns on a new system. The system must 
undergo a period of demand development. During this period of approximately two 
years the actual demands for the component items of the new system are recorded. At 
the end of the period, requirements are generated the samie as with anv other svstem. 

The problem is that during the demand development period there would 
normally be no material or parts to support the system. It is the goal of FOSS to 
overcome this problem. FOSS uses a Time Weighted Average Month Program 
(TWAMP) in conjunction with a predicted Technical Replacement Factor (TRF). The 
TWAMP is the number of units to be operational during anv given month. The TRF 
is an estimate of how manv parts will be required per unit per month. The repair parts 
requirements for each member assembly can then be estimated. The estimates are then 
entered into the data base as projected future demands. 

This lengthy and cumbersome system could be replaced by a svstem of 
requirements based on the increasing operating hours of the system. This is what the 
Program Data Expansion (PDE) model was intended to do for the LM-2500. 

The operating hours model used to replace FOSS must be sensitive to low 
levels of operations. This is due in part to the concept of “infant mortalitv”. This 
occurs when a system experiences a large number of failures early in the installation 
and operational period. The failures tend to lessen as the system matures. 

Since a large amount of the FOSS/PPR system 1s checked and loaded into the 
ICP data base manually, an improvement over the FOSS system would be cost 


effective. 


D. SPECIFIC RECOMMENDATIONS 

There are two specific recommendations resulting from this study. The first is a 
recommendation to the Navy Ships Parts Control Center to establish a method for 
forecasting LM-2500 operating hours. The second is to put increased emphasis on the 


Program Data Expansion model. 
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1. Use of Forecasting Models for Operating Hours 
It is recommended that a forecasting model be incorporated in planning for 
LM-2500 operations and hours. A seasonal model with a trend estimate 1s 
recommended. 
If it is desired that the models not operate completely independently, expert 
Opinion considerations could be included. This would take the form of modifying 
(increase or decrease) the forecasts based upon known operational requirements. For 
example, if it is known that a fleet exercise 1s planned for sometime in the forecast 
future, the operating hours could be increased above the model forecasts. 
2. The PDE Model 
The Program Data Expansion (PDE) model operates well enough to make its 
application worthwhile. The PDE model forecasts demands relativelv well even though 
the operating hours input to the model ts suspect. This 1s believed to be the result of 
the efforts of the item managers. Their constant review of items results in “fine tuning” 
tilessustens 
The PDE model would be even more effective, and less time consuming for 


the item managers, if the operating hours used to forecast demand were forecast better. 


APPENDIX A 
PREDICTED AND ACTUAL OPERATING HOURS 


LM-2500 Predicted and Actual Operating Hours 


Total Hours DUG=-99Seneurs CG-47 Hours 
Date Predict/Actual Predict/Actual Predict/Actual 

Oy 32 14,379 17,452 482 1,103 -0- -Q- 
11/82 PS 7ole 17. bsg ees 32 ios | -Q- -Q- 
ie eZ 22,477 14,677 O20 1,004 455 884 
O17 33 22-740 16.177 1,820 i afoul 45 -0- 
G2 783 23,002 17,426 1,820 1 (stay 455 082 
03/83 23,457 21,701 i320 7 730 455 605 
04/83 23,540 20,693 Es Ae) 2,046 455 669 
05/83 Zac say 7 30 1,820 lee a 455 12 
06/83 24,328 21,994 i320 i598 455 1s) 
O77 33 Za, 370. 21.279 So Z20 2,008 455 259 
08/83 24,590 23,498 i S20 2,196 455 1e5 
09/83 Zeymlo —21 431 26 20 Z 166 455 697 
10/83 Zee 1426076 1320 21613 455 B70 
ime, 83 Zoom. 21 9O3Z ive2 0 27195 455 747 
ine S33 Z5nozG- 27,115 lieo2e IL Ons 455 904 
01/84 Zonos0 21,317 ieZzo 1,451 455 576 
02/34 257690 27.214 i 620 1,408 455 725 
03/34 Zoya so. O96 i320 ie oO 455 914 
04/84 26,153 30,243 ieszZo0 1,584 45 1,342 
05/84 2674S 20,616 le 320 1,470 455 
06/84 27 sig 2o,020 ale, 1,784 910 378 
07/84 Ze eee, 70) le ei7a 8, 1,801 910 576 
08/84 2d oe Zen Oo 1. 1,820 220 910 394 
09/84 27,056 2405 eral, 1,854 Ss) le 624 
10/84 27,658 27,439 ie SzZ0 2,709 S16) 694 
11/84 Ze 20 2 503 1,820 ie 200 S)T6) 53 
12/84 297 ZO lS 257 teva 501 She 10 
O1e735 Z2?/,92Z20 19,049 i320 917 210 e07 
O2/785 299201 o, 702 1320 Ibe syele 910 IAG 
03/85 Zo oS aZouces 1,820 i 7 53 Sa) S| 
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Hot Plant 
Predicl/Actual 
-Q- -Q- 
-O- -0- 
-0- -Q- 
-Q- -0- 
-Q- -O- 
-O0- -Q- 
83 54 
83 10 
83 16 
83 -0- 
83 8 
83 3 
ae 1 
333 49 
e335 Lg 
833 9 
B35 11 
3555 25 
355 2 
cece 10 
Biss 36 
oo5 7 
353 4 
BSS is: 
833 15 
eo5 8 
Ba5 fi 
Re 7 
333 7 
Gio 15 
Cao 5 
foc 10 
slcis 17 
Cyeie a7 
eas 20 
3353 24 
cies JxAh 
Zoo el: 
c35 6 
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DD-363 Hours 


Predict/Actual 
LO veZeme 11,525 
10 160" 10,412 
13650 7 t57 
133650 9,328 
137650 8,791 
14 eSeaels, 176 
14, lOSe 12,536 
id lOsmels , 599 
14,105 12,9380 
Ta oSes LZ, 10g 
1410S, (13,131 
Taio melt. 629 
14,105 15,905 
14, 10SmeeS, 378 
14,105 ‘sy eel 
la LOS ell 615 
14,105 14,898 
147105 5 12,928 
14,105 14,894 
14a oo 11,035 
14,105 16,220 
14,105 9,659 
Fay owe 2, Los 
14,105 9,942 
14,105 14,456 
14,105 15,992 
14,105 8,477 
14,105 9,074 
14,105 9,389 
ta hos., 11,301 
aos 10,576 
14,105 ros 
ray ose 11,395 
ia ba e1l3s,471 
14,105 10,083 
14,105 B76 
iG 5. 10,613 
(4S. LO. 2S 
14,105 S653 
14,105 7,340 
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Air Force Flying Hours Predicted and Actual 


Aircraft: A-7D 1975 1976 1977 1978 
Actual Hours 95,802 86,401 109,509 101,040 
Predicted Hours 967 she 105,431 99 ,604 97 a6 
Aircraft: 8B-52D,G,H 1975 1976 1977 1978 
Actual Hours 151,029 136,076 136,453 133,966 
Predicted Hours 182,039 VSG OZ 136-220 1367 S760 
Aircraft: C-5A 1975 1976 1977 1978 
Actual Hours 507522 425235 49,388 48,281 
Predicted Hours 15 72sc 69,952 41,592 41,288 
Aircraft: KC-135Aa 1975 1976 1977 1978 
Actual Hours 206,350 188,709 1874295 Lo 27358 
Predicted Hours 236,584 ZO ae 203 ,492 204,095 
Aircraft: C-141A 1975 1976 1977 1978 
Actual Hours 3037002 298 ,657 291,074 289,763 
Predicted Hours 409,738 339,324 286,156 283 ,864 
Aircraft: F-4C,D,E,R Logs 1976 1977 1978 
Actual Hours 428,626 406,193 418,316 39573531 
Predicted Hours 466,758 Sl sriozs 455.0387 431,016 
Aircraft: F-111A4,D,F 1975 1976 1977 1978 
Actual Hours 63,397 Bk Jas 52,766 45,452 
Predicted Hours 133650 65,451 TZ So T3708 
Totals 

actual Hours 1,298,695 1,209,436 1,244,804 1,206,134 
Predicted Hours 1,542,542 1,461,671 1,294 Sj, 2677202 
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APPENDIX B 
LM-2500 REGRESSION AND HYPOTHESIS TESTING 


REGRESSION OF PREDICTED LM-2500 OPERATING HOURS 


The esuces 20n equation 1s 


PReolC Z20S66,45259 TIME 

Predictor Coef Stdev t-ratilo 

Constant 208638.3 50820 41.03 

eee eo eek PATS S72 I 

s = 1578 R-sq = 79.1% R-sq(adj) = 78.5% 

Analysis of Variance 

SOURCE | DIE oo MS 

Regression ip S57 50 0136 35/65 10s6 

Error 38 94654352 2490904 

Metal 39 452505344 

Unusual Observations . . | 

Obs. PME PREDICT Fit Stdev.Fit Residual St.Resid 
ak Ibs 10 14379 ZANZa 490 -6748 -4,.50R 
Z Za Pere lles| 21386 471 -5468 -3.63R 


R denotes an obs. with a large st. resid. 


REGRESSION OF ACTUAL LM-2500 OPERATING HOURS 


The regression equation is 
ACTUAL = 20382 + 98.0 TIME 


Predictor Coef Stdev t-ratio 

Constant 203 a2 1420 14.35 

CoE 938205 60236 Lala 
= 4407 R-sq = 6.5% R-sq(adj) = 4.0% 

Analysis of Variance 

SOURCE _ DF SS MS 

Regression il 51219696 SZ I090 

Error oS. 737935104 19419344 

Total 3s 789154560 

Unusual Observations 

Obs. TIME ACTUAL Fit Stdev.Fit Residual St. eens 
39 39.0 13642 24205 ioe o =0563 =f od 
40 40.0 15729 24303 says -8574 ae O8R 


R denotes an obs. with a large st. resid. 
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LISTING OF LM-2500 PREDICTED, ACTUAL HOURS AND DIFFERENCE 


ROW PREDICT ACTUAL DihE 


0 O~AHAUOAB WN 
NO 

' W 
© 
© 
NO 
=" 
~] 
if 
NO 
ep) 
mn 
in 
~) 
Ov 


10 24328 21279 3049 
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DESCRIPTION OF THE DATA 
N MEAN MEDIAN TRMEAN STDEV SEMEAN 
PREDICT 40 26180 26774 26558 3406 539 
ACTUAL 40 22392 22280 22387 4498 Fils 
DIFF 40 3788 3644 3535 4654 736 
MIN MAX Q1 Q3 
PREDICT 14379 30405 24393 28577 
ACTUAL 13642 31178 19212 26093 
DIFF -4090 16763 295 6225 
T-TEST OF THE DIFFERENCE IN ACTUAL AND PREDICTED HOURS 
TEST OF MU = O VS MU N.E. 0 
N MEAN STDEV SE MEAN ii P VALUE 
DIFF 40 3788 4654 736 5.15 0.0000 


TWG SAMPLE TEST OF ACTUAL AND PREDICTED OPERATING HOURS 


PMOSAMPLE T FOR PREDICT VS ACTUAL 
N 


MEAN SBOE ITA SE MEAN 
PREDICT 40 26180 3406 Soe) 
ACTUAL 40 22502 4498 fag! 


eee r CI YOR MU PREDICT - MU ACTUAL: 


ez009, 5567} 
iol MU PREDICT MU ACTUAL (VS NE): 


T=4.25 P=0.0001 DF=72.7 


ANALYSIS OF VARIANCE OF ACTUAL AND PREDICTED OPERATING HOURS 


ANALYSIS OF VARIANCE 
D 


SOURCE F Ss MS F 
FACTOR 1 287020800 287020800 18.03 
ERROR 78 1.242E+09 15918614 
TeTAL 79 1.529E+09 
INDIVIDUAL 95 PCT CI'S FOR MEAN 
BASED ON POOLED STDEV 
LEVEL N MEAN SUD arora fawn enone a pennnnnne- foons----- +- 
PREDICT 40 26180 3406 (----- kaon-- ) 
ACTUAL 40 22392 4498 (----- kenoo- ) 
POOLED STDEV = 3990 22000" 24000. 26000. 28000. 
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APPENDIX C 
HYPOTHESIS TESTING OF AIR FORCE OPERATING HOURS 


LISTING OF AIR FORCE PREDICTED, ACTUAL HOURS, AND PERCENT ERROR 


i i i i i i i i i a RR RR a a I 


ROW PREDICT ACTUAL %ERROR 
1 pels Je) g5e0Z On 25262 
Z 105431 86401 OrZ20252 
3 99604 109509, ~O03G50449 
= S77 16 101040 -0.032898 
2) VeZoso 151029 GFZ 525 
6 157702 136076 8.5 stehe Vale 
7 136220 136453 <-0.002440 
8 Soa 0 133256 CR Olg 725 
S focao SOOZZ 0.489173 

10 eyels) 3) 2 42235 Oca ler ae, 
ae 41592 F760 C6 Whe OOZ 
eZ 412388 48231 -0.144340 
Ihe 236584 206310 0.146740 
14 210273 ier 02 OmiraZ 76 
1S 203497 LeyZzoo 0.086461 
16 204095 LaZee 0.061165 
ia 409738 S03 003 O43 52230 
16 339526 Zea 7 Os 1k Sie B ele 
Ike, 286156 ZONOTa” -OPOSeI6 
20 283864 Zag765) ~UEOZ0553 
aM 466768 428626 O3C256987 
Ze 513625 406193 0.264480 
ZS 455037 418316 ONGS7 18S 
24 431016 S2be sl 0.090266 
ZS (se) esce7 O-165024 
26 85451 DELOS 0.670106 
Ze CZa@o 52766 0.370504 
28 73005 45452 0.606508 
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DESCRIPTION OF THE DATA 


N MEAN MEDIAN TRMEAN STDEV SEMEAN 
PREDICT 28 199497 147006 193501 144216 27254 
RGTuUAL 28 177110 136264 #=%172623 #&4«®+127505 24096 
ZERROR ZoeeOete2s 0.1025 0.1553 0.2250 0.0425 
MI Q1 Q3 

PREDICT 41288 513623 77790 285583 

ACTUAL 42235 428626 55424 290746 

ERROR -0.1579 0.6701 0.0026 0.2534 


T-TEST OF THE PERCENT ERROR BETWEEN ACTUAL AND PREDICTED HOURS 


mest OF MU = 0.0000 VS MU N.E. 0.0000 
N MEAN STDEV SE MEAN a P VALUE 
%ERROR 28 WL oZo i225 0 0.0425 6) a4 0.0007 


TWO SAMPLE TEST OF ACTUAL AND PREDICTED OPERATING HOURS 


eetraenaeaaetagaegees es Se S&S ae ese SS eee eet etee estes eset este ae estes ete ete eee eS ae es SB Se ee eS Se ee = ee 


TWOSAMPLE T FOR PREDICT VS ACTUAL 

N MEAN STDEV SE MEAN 
EReDICT 28 199497 144216 27254 
ACTUAL 28 ig 16 PZ750'5 24096 


95 PCT CI FOR MU PREDICT - MU ACTUAL: (-50595, 95371) 
TTEST MU PREDICT = MU ACTUAL (VS NE): T=0.62 P=0.54 DF=53.2 


ANALYSIS OF VARIANCE OF ACTUAL AND PREDICTED OPERATING HOURS 


ANALYSIS OF VARIANCE 
SOURCE DE 35 


FACTOR jh 7) ONL aaa Os, 0,36 
ERROR Soe Otlert 2 1.853E+10 
TOTAL 55 se O0een+12 
PNDEVEDUAL 9S PCT C1l"S FOR MEAN 
BASED ON POOLED STDEV 
LEVEL N MEAN STDEV esesee--- toonrce-e-- pooceoo--- troc---- 
PREDICT 28 199497 14472 oe << KReeennnnnn--- ) 
ACTUAL 28 177110 127505) (-cerercer--- Reece ennnnn- ) 
--------- en ee ee 
POOLED STDEV = Soli? 160000 200000 240000 


MS 
Tac0 2 EO 
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APPENDIX D 
SELECTED LM-2500 LEAD TIMES 
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Stock Number Nomenclature Forecast Lead Time Actual Lead Tim 
Zese-O00=5953027 5 Thermocouple, Top Ze JE OA GES) 
2835-00-601-1039 Valve, Gas Turbine 8.41 9.07 
2835-00-501-1048 Nozzle, Turbine UZ 505 Nils, SiS 
2835-00-601-1054 Actuater, Power 1, 00 Se22 
2635-005501 —1220 Denson econero. I Siecle: 14.21 

i 2835-00-602-6653 Manifold Assembly LDS Sys: FORSZ 
23835-00-602-6779 Harness, Thermocou Ivars die ee 2 
2835-00-602-6786 Thermocouvle, Turb 9372 8.96 
2835-00-602-6815 Signal, Flame Oe hd tery 
2835-00-602-6823 Detector, Flame LZ Liao 
2835-00-602-6836 Detector, Turbine LS eke 14.11 
2835-00-602-7089 Blade, Turbine .00 cA Sul 
23835-00-602-8050 Transducer, Gas Tu 2.555 4.91 
2990-00-51) -95a6 Starter, Engine 2. OO 1268 
2835-01-005-8465 Manifold, Gas Turb 9.00 ais) 7 
2835-01-037 -Z2se4 Actuater, Damper LS 12.42 
2990-01-060-3137 Shaft Assembly S730 Size 
2825-01-092-8061 Actuater, Power 7200 Tae 
2335-01-093-1372 Actuater, Power a 3355 Se) 2 
2235-01-107-6765 Blade, Turbine 10.60 Ties 
2835-01-108-6237 Blade, Turbine Gi Tae OS 
2835-01-116-7313 Blade, Turbine 16) S158, 10.95 
23835-01-117-5564 Blade, Turbine 9.00 8.47 
2835-01-205-3244 Main Fuel Control Zz. 00 Male te0s) 
2990-0 T= 205 =2oi S Cdistcm, wee ind ede 7.20 6.88 
2990-0120 o= Ube Starter, Engine 75 EN 12.45 


APPENDIX E 
LM-2500 LEAD TIME HYPOTHESIS TESTING 


Predicted, Actual and Difference Data 


ROW PREDICT ACTUAL DLE 
1 ize Oe) © piPechoy el ele 
2 8.41 e207  -0:.66000 
ce) 20 S es o5 0.50000 
& 7.00 Gece =1222000 
5 GS) G ks, ect 86=0', 23000 
6 Piss Poo 2 0.66000 
7 2 ie = 0.56000 
8 = Ba E70 0.76000 
3 Ia [ale ee? =—-0-59000 

10 E2202 ee. 55 0.47000 
tae So Peel =O. 33000 
12 8.00 cae Bl 12673008 
13 4.35 4.91 -0.56000 
14 12.00 LT sO 1 7) 01018, 
15 200 Gracy ora iele)e) 
16 Lie 25420). 2000 
7 S230 Sie2z 0.08000 
18 1208 EGE UP Whe) 
Is, geos Oe 0.31000 
20 10.60 Pest. e027 1000 
Z1 11.60 iE. OS 0.57000 
22 TOMO 0 os oe 0, 55000 
ZS 26 (00, 8.47 0.53000 
24 1200 Iho teky 0.11000 
Zo Uo 2 6.88 0.32000 
26 12-00 12.45 -0.45000 
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Description of the Data 


N MEAN MEDIAN  TRMEAN STDEV  SEMEAN 
PREDICT 26 10.255 10.840 10.345 2.346 0.460 
ACTUAL 26 10.243 10.935 10.300 2628 0.475 
DIFF 26 0.012 -0.075 -0.007 0.696 0.137 
MIN MAX Ql Q3 
PREDICT 4.350 13.980 8.382 ~ 12.005 
ACTUAL 4.910 14.210 8. 407 a lzeoee 
DIFF -1.220 1.690 -0.582 0.507 


Results of the t-test 


TEST OF MU = 0.000 VS MU N.E. 0.000 


N MEAN STDEV SE MEAN T P VALUE 
DIFF 26 OR OZ Oo 96 O17 0203 Ono 5 


Results of the Two Sample Test 


THOSAMPLE 7 FORSEREDiCT Vs erUAE 

N MEAN SLD EV SE MEAN 
PRED Le. eco LO aA. PEE 0.46 
ACTUAL 26 10.24 2.42 0.48 


95 PCY Ci FOR MU PREDICI Sees ene aik. ~ 1.32, 1.34 
TTEST MU PREDICT = MU ACTUAL (VS NE): T=0.02 P=0.99 DF=49.9 


Results of the Analysis of Variance 


ANALYSIS OF VARIANCE 


SOURCE DF 31 MS F 
FACTOR Il 0.00 0.00 O08 
ERROR 50 284.36 Dao 

TOTAL Sr 284.36 


INDIVIDUAL 95 PCT CI'S FOR MEAN 
BASED a POOLED STIDEV 


LEVEL N MEAN STDEV Beeees Peer ipa Poe ¢.--2 re 
PREDICT 26 10.255 2.346 iene ee EE ) 
ACTUAL 26 10.243 0.423 (-2825 one nnn shel ae 

ee es ee ee ee ee SS ee he eh ee le += 
POOLED STDEV = 2.505 aie, FO. 20 8) 80 11.40 
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APPENDIX F 
RESULTS OF SEASONAL REGRESSION 


The Data Elements Used in the Regression 


ROW t HOURS Q2 93 94 
1 1 48013 0 0 0 
2 2 59820 1 0 O 
3 3 66003 0 1 0 
4 4 73007 0 0 1 
5 5 66064 0 0 0 
6 6 83355 1 0 0 
7 7 69937 0 1 0 
8 8 72635 0 0 i 
9 9 61809 0 0 0 

10 10 66548 1 0 0 
11 11 78653 0 1 0 
VW 12 78008 0 0 i 
13 13 54368 0 0 0 


N MEAN MEDIAN TRMEAN STDEV SEMEAN 
HOURS 13 67555 66548 67896 9990 Zein 
MIN MAX Ql 93 
HOURS 48013 83355 60814 75507 


Results of the Regression 
The regression equation is 
moms = 592507 + 722 t + 13067 O2 + 13967 O03 + 16264 O4 


Predictor Coef Stdev t-ratio 

Constant 929.07 57 Zul 9.18 

t 722.4 593.5 1.22 

Q2 13067 6040 Zo 

Q3 13967 6011 ZZ 

04 16264 6040 2.69 

s = 7871 R-sq = 58.6% R-sq(adj) = 37.9% 

Analysis of Variance 

SOURCE _ DF SS MS 

Regression 4. (OS Wee 175494848 

BEror 8 495575040 61946880 

Total eZ 1197554432 

SOURCE DF SLOLSS 

te i WORSS S668 

Q2 1 38978576 

O3 di 104574912 

04 i 449092096 

Unusual Observations . . 

Obs. E HOURS Fit Stdev.Fit Residual St.Resid 
6 51 (0 SG) Says) 69908 4544 13447 2-09R 


R denotes an obs. with a large st. resid. 
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